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Abstract

Context. The draping of the interplanetary magnetic field (IMF) around unmagnetized planets induces a magnetotail with a two-lobe plasma structure. On Mars, due to the impact of the IMF Parker spiral angle, the structure of its induced magnetotail is dawn-dusk asymmetric. Observational and numerical studies have shown the dawn-dusk asymmetric size of magnetic lobes and the shift of the polarity reversal layer and the inverse polarity reversal layer under different Parker spiral angles. Variation in the tail-region induced magnetic field with the Parker spiral angle is important in the evolution of the magnetotail. Further studies should investigate the influence of the magnetic pressure and field direction on the magnetic lobe structure and plasma boundary locations, as well as the relationship between the polarity reverse of the IMF and the Parker spiral angle.

Aims. This study aims to investigate the dawn-dusk asymmetric structure of the Martian magnetotail under different Parker-spiral IMF orientations. In this study, we used a multispecies magnetohydro-dynamic (MHD) model, which has been shown to self-consistently calculate the Mars-solar wind interaction, to investigate the effects of the Parker spiral angle on the structure of the Martian magnetotail. By comparing the magnetic field, large-scale configurations, and plasma boundary locations across various cases, we aim to clarify how variations in the IMF Parker spiral angle affect the magnetic pressure and field direction in the magnetotail and the locations and shapes of the magnetic lobes, polarity reversal layer, and inverse polarity reversal layer.

Methods. A three-dimensional and parallelized multispecies MHD model was constructed to simulate the global solar wind interaction with Mars. Four ion species, H+, O2+, O+, and CO2+, as well as the chemical reactions between them, such as photoionization, charge exchange, and recombination, were considered in the model to accurately calculate the ion distributions in the magnetosphere and ionosphere of Mars. Three cases with Parker spiral angles of 90, 56, and 30 degrees were examined, representing the perpendicular, standard, and quasi-parallel IMF relative to the solar wind flow, respectively.

Results. A symmetric magnetotail was reproduced in the case with a Parker spiral angle of 90° degrees. When the Parker spiral angle decreases, the magnetic pressure in the magnetic lobes reduces, and the flaring angle of the magnetic field becomes larger on the dawn side than on the dusk side. These two factors result in the shrinkage and extension of the magnetic lobes. Furthermore, the variation in magnetic pressure results in a polarity reversal layer bent toward the dawn side. Finally, we found that the inverse polarity reversal layer shrinks toward Mars with a decrease in the Parker spiral angle.
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1 Introduction
The magnetic environment of Mars is different from that of Earth because solar wind interacts directly with the Martian ionosphere and upper atmosphere in the absence of an intrinsic magnetic field. This interaction forms the magnetosheath, magnetic pileup region (MPR), magnetotail, and other large-scale configurations (Nagy et al. 2004). As a result of an interplanetary magnetic field (IMF) pileup, the induced magnetotail on the nightside of Mars is composed of two magnetic lobes with opposite field directions (Crider et al. 2004; Brain et al. 2007), and between these magentic lobes there is a cross-tail current sheet with a small-magnitude magnetic field (Brain 2006; Xu et al. 2016; Liemohn et al. 2018). Recently, observational analysis from the Mars Atmosphere and Volatile Evolution mission has indicated that the Martian crustal fields and the variable IMF influence the structure of the magnetotail, resulting in a steady and kink-like flapping of the current sheet (e.g., DiBraccio et al. 2017), twisting of the total magnetotail structure (e.g., DiBraccio et al. 2018), and the formation of small local current sheets (e.g., Grigorenko et al. 2017).
The influence of the IMF orientation on the magnetotail structure of unmagnetized planets and moons, such as Mars, Venus, and Titan, is an important subject (McComas et al. 1986; Brain et al. 2007; Bertucci et al. 2011; Romanelli et al. 2014, 2015). Although the Martian crustal fields, which are primarily distributed on the southern hemisphere (Acuna et al. 1999), exert a twisting effect on the magnetotail structure, the formation and variation of the large-scale configuration of the Martian magnetotail are mainly controlled by the solar wind upstream and IMF conditions (Li et al. 2021; Liemohn et al. 2017; Romanelli et al. 2014). Due to the impact of the IMF Parker spiral angle, the location of the induced magnetotail relative to the planet is dawn-dusk asymmetric (Li et al. 2021; Romanelli et al. 2015). Meanwhile, the sizes of the two magnetic lobes, as well as the twisting and shifting directions of the current sheet in the magnetotail, are also influenced by the solar wind upstream conditions (Harnett et al. 2005; Halekas et al. 2006; Xu et al. 2016; Liemohn et al. 2017). McComas et al. (1986) provided an explanation of how the Parker spiral IMF causes the asymmetric dawn-dusk distribution of the magnetic flux and magnetic pressure in the Venusian magnetotail and consequently results in an asymmetric magnetotail structure. This effect has been confirmed by global magnetohydro-dynamic (MHD) simulations of the solar wind interaction with Venus (Ma et al. 2013).
Previous numerical studies have described the structure of the Martian magnetotail at a Parker spiral angle of 56° (Ma et al. 2002, 2004; Najib et al. 2011; Xu et al. 2016; Liemohn et al. 2017; Li et al. 2020). Although the average value of the Parker spiral angle is close to 30°–60° near Venus and Mars, statistical analysis has indicated that quasi-parallel (0°–30°) and quasi-vertical (80°–90°) IMFs occur with a high frequency (Chang et al. 2018; Liu et al. 2021). In the case of quasi-vertical IMF, the magnetic field around an unmagnetized planet has a more regular shape, for example, the magnetotail structure of the planet will be approximately dawn-dusk symmetric (Romanelli et al. 2014; DiBraccio et al. 2018; Li et al. 2021). However, a more complex configuration of the magnetic field appears when IMF is quasi-parallel, which makes the near planetary environment more coupled with the solar wind to effectively transfer the solar wind energy to ionospheric ions (Masunaga et al. 2011). Additionally, plasma boundaries such as the bow shock (BS) and magnetic pileup boundary (MPB) shrink toward Mars (Chang et al. 2018; Li et al. 2021). Observational results have indicated that the IMF is located on the ecliptic plane in most cases, with an average magnitude of 3.3 nT (DiBraccio et al. 2018), and the Parker spiral angle presents a bimodal distribution between −180° and 180° with two peak values (Liu et al. 2021). Nevertheless, the effect of the Parker spiral angle on the structure of the Martian magnetotail remains unclear.
In this study, we aim to explore the influence of the Parker spiral angle of the IMF on the shaping of the structure and dawn-dusk asymmetry of the Martian magnetotail using a multispecies MHD numerical model, which can self-consistently calculate the plasma and magnetic environment around Mars. We performed the numerical simulations with typical IMF Parker spiral angles to demonstrate the responses of the magnetotail structure to the changes in IMF orientation and removed the crustal fields to avoid their influence. Moreover, we present the size and location of the magnetic lobes, the average direction of the induced magnetotail, and the magnetic pressure under different IMF orientations.
2 Model description
We employed a three-dimensional multispecies MHD model to simulate the Mars-solar wind interaction, which includes a set of four continuity equations for the ion species H+, [image: equation], O+, and [image: equation], with a high contribution in the Martian ionosphere. A set of eight wave MHD equations was used in the model and augmented with a series of ionospheric chemical reactions, including photoionization, charge exchange, and dissociative recombination. The primary theory of the model is based on that proposed by Ma et al. (2004), which integrates the MHD equations with the mass conservation equation for individual ion species. In our model, the mass equations with respect to the four ion species were decoupled with the main MHD equations, shown below, to facilitate the implementation of the calculation method (Li et al. 2021):
[image: equation](1)
Here, mass production and loss rate are represented by Si and Li, respectively, for i ion species.
The decoupled MHD equations refer to the model of Li et al. (2021), which has been shown to suitably describe the plasma environment in the Mars-solar wind interaction without the crustal fields. In this study, our model was parallelized to improve computing speed. Moreover, the photoionization effect was included in the model by adopting the Chapman function, which has been shown to significantly improve the agreement with plasma density observations (Ma et al. 2015). Thus, our model can accurately calculate the distribution of the magnetic field and plasma in the dayside ionosphere. The MHD equations can be expressed as follows:
[image: equation](2)
where, Qe in Eq. (2) is defined as:
[image: equation](3)
where, TE in Eq. (3) is defined as follows (Ma et al. 2004):
[image: equation](4)
In Eq. (2), ρ1, ρ2, ρ3, and ρ4 are the mass densities of H+, [image: equation], O+, and [image: equation], respectively, and и is the plasma velocity. The total energy density ε is defined as [image: equation]; p is the total thermal pressure of the plasma; ν is the ion neutral collision frequency; T0 is the temperature of the newly produced ions, which is assumed to be the same as the temperature of the local neutral atmosphere; γ is the ratio of specific heats (considered as 5/3); n1, n2, and n3 are the number densities of the neutral component CO2, O, and H, respectively; and Tp is the plasma temperature calculated as [image: equation] under the assumption of equal temperature between ions and electrons. The other symbols in the above equations retain their usual definitions. The source term QE, Eq. (3), was added in the energy conservation equation of our MHD model in order to consider the inelastic collisions between different species and to include chemical reactions such as photoionization, charge exchange, and recombination. The specific chemical reactions and reaction rates were obtained from previous studies (Ma et al. 2004; Schunk et al. 2009).
Our calculations were performed in the Mars Solar Orbital coordinate system with the x-axis pointing from Mars toward the Sun, the z-axis perpendicular to the x-axis and positive toward the north celestial pole, and the y-axis completing the right side coordinate system. The simulation domain is within −24 RM ≤ X ≤ 8RM and −16M ≤ Y, Z ≤ 16 Rm, where RM is the radius of Mars (3396 km). The calculation grid was generated in a generalized curvilinear coordinate, which facilitated grid clustering in regions with substantial physical variation. The inner boundary of the grid was set as 100 km above the Martian surface, and for the densities of the ions [image: equation], O+, and [image: equation], photochemical equilibrium values were considered. The normal velocity value at the boundary was set to zero based on the assumption of an inviscid fluid. The setups of the neutral atmospheric components and solar wind refer to those in Li et al. (2021). Lastly, the density of H+ is 30% of the solar wind density (Taylor et al. 1980).
To study the influence of the IMF with different Parker spiral angles on the structure of the magnetotail, three cases with Parker spiral angles of 90°, 56°, and 30° were examined. In this study, the Parker spiral angle is defined as the acute angle between the IMF and x-axis. The IMF parameter settings for the three cases are listed in Table 1. A Parker spiral angle of 90° indicates that the Bx component of the IMF is zero, and a parker spiral angle of 30° represents the case when the IMF is quasiparallel to the solar wind flow. The IMF is in the X–Y plane with a fixed value of 3 nT and has a positive BY component.
	[image: thumbnail]	Fig. 1 Distribution of the induced magnetic field strength in the X–Y plane for different Parker spiral angles. Panel a: 90°; panel b: 56°; panel c: 30°. White solid lines represent magnetic field lines.



Table 1 
IMF parameter settings of the computational cases.

3 Numerical results
Figure 1 shows the distribution of the induced magnetic field strength (|B|) in the X–Y plane for cases with Parker spiral angles of 90, 56, and 30°. The magnetic field lines are superimposed on the figures to show the general characteristics of the Martian plasma environment (Nagy et al. 2004; Ma et al. 2004; Najib et al. 2011). The traces and distributions of the magnetic field lines agree well with the schematic presented by McComas et al. (1986). On the dayside, an obvious boundary layer exhibiting a jump in magnetic field strength from the weaker background magnetic field (approximately 3 nT) to over 10 nT represents the location of the BS in all cases. Inside the BS, the red regions where the magnetic field strength is enhanced represents the MPR, in which the magnetic field lines are highly piled up. As the Parker spiral angle changes from 90° to 30°, the peak strength of the induced magnetic field in the MPR decreases from 55 nT to 40 nT. On the nightside, the induced magnetotail with a plasma structure composed of two lobes forms because of the draping of the magnetic field lines. The symmetrical structure of the magnetotail shown in Fig. 1a is evidently different from that in Figs. 1b and c, in which the entire configuration of the magnetotail moves toward the dawn side.
To quantitatively describe the dawn-dusk asymmetry in this study, the pressure balance boundary, defined as the position where the magnetic pressure Pb and the thermal pressure Pt are balanced, was used (Xu et al. 2016). Figure 2 presents the distribution of the logarithmic pressure ratio β = log10 (Pt/Рb) in the X–Y plane for cases with Parker spiral angles of 90, 56, and 30. The iso-gram of β = 0 is the location of the pressure balance boundary. On the nightside, the region defined by the black lines represent the magnetic lobes of the magnetotail where the magnetic pressure Pb dominates. The dawn-dusk asymmetry of the Martian magnetotail can be determined by the difference in the sizes of the magnetic lobes. As shown in Fig. 2a, the size of the magnetic lobes on both sides was approximately the same. As the Parker spiral angle decreased from 90° (Fig. 2a) to 56° (Fig. 2b), the length of the dawn-side lobe shrank from 7 RM to 4 RM, whereas the length of the dusk-side lobe expanded from 9 RM to over 10.5 RM, and its width expanded by 1.5 times within the given range. Figure 2c shows that the length of the magnetic lobe shrank from 4 RM (Fig. 2b) to 3 RM (Fig. 2c) on the dawn side and from over 10.5 RM (Fig. 2b) to 7 RM (Fig. 2c) on the dusk side. Furthermore, in order to demonstrate the complete size of the magnetic lobes, the three-dimensional pressure balance boundary represented by the iso-surface of β = 0 is shown in Fig. 3. In the Z direction, the width of the magnetic lobes is between 1.2 RM and 1.4 RM. Figures 2 and 3 show that the overall configuration of the magnetotail is symmetrical when the Parker spiral angle is 90°. However, the dusk side lobe tends to be larger than the dawn side lobe when the Parker spiral angle is not 90°. In addition, Figs. 2c and 3 show that the two magnetic lobes shrink when the IMF is quasi-parallel to the solar wind flow.
The polarity reversal layer (PRL) is an important boundary produced in the interaction region between a magnetized plasma flow (solar wind) and a conducting obstacle (Mars, Venus, or Titan; Simon et al. 2013). It can be represented by the position where the flow-aligned component of magnetic field reverses its polarity. In addition, Romanelli et al. (2014) identify a layer called the inverse polarity reversal layer (IPRL) in the downstream region far from the central magnetotail. The change in the sign of the flow-aligned component of the IPRL is opposite to that of the PRL. The locations of the PRL and IPRL respond to the change of the IMF orientation, and thus they can be used to characterize the location and size of the draped magnetotail configurations in different cases (Romanelli et al. 2014, 2015).
In this model, based on the direction of the solar wind (along x-axis), the PRL and IPRL can be characterized by an iso-gram of BX = 0. The positions of the PRL and IPRL are presented in Fig. 4 and demonstrate the distribution of BX components of the induced magnetic field in the X–Y plane. In Fig. 4a, it is evident that the field lines mirror the x-axis when the Parker spiral angle is 90°, and the BX component reverses its polarity at Y = 0. Since the IMF is perpendicular to the x-axis, no IPRL exists in this case. In Figs. 4b, c, under the asymmetrical distribution of the magnetic field strength in the dawn side and dusk side magnetic lobes, the PRL shifts to the dawn side. The IPRL is located on the outside of the dawn side lobe, and the distance from the PRL to the IPRL gradually increases in the downstream. As the Parker spiral angle decreased from 56° (Fig. 4b) to 30° (Fig. 4c), the IPRL shrank toward Mars.
Figure 5 shows the iso-gram of BX = 0 in the Y–Z plane at X = −2 RM and −4 RM for cases with different Parker spiral angles. In the case where the Parker spiral angle is 90° degrees, the PRL is almost parallel to the Z-axis and can be regarded as the axis of symmetry for the two magnetic lobes. When the Parker spiral angle is not 90°, the shape of the iso-gram of BX = 0 is similar to a semi-ellipse in the Y–Z plane. In previous studies, researchers identified the part in the left (right) dashed box of the iso-grams as the IPRL (PRL; Simon et al. 2013; Romanelli et al. 2014). As the Parker spiral angle decreased, the central part of the iso-gram (red and blue lines, PRL) bent significantly to the dawn side, and the IPRL emerged on the dawn side and shrank toward Mars. In the −4 RM downstream case, the responses in the locations and structures of the PRL and IPRL to the change of the Parker spiral angle are more obvious than in the −2 RM downstream case. Based on Figs. 4 and 5, it can be concluded that the iso-surface of BX = 0 in 3D space is similar to an elliptical cylinder with an expanding cross-section in the anti-Mars direction. This result indicates that the presence of Mars in the magnetized solar wind flow has an insufficient influence on the IMF to reverse the polarity of the BX component outside the region surrounded by the iso-surface of BX = 0.
Figure 6 presents the variation in the magnetic pressure with Y at Z = 0 RM at X = −2 RM and at X = −4 RM downstream. All the curves in the figure have two peaks, which can be regarded as the regions of magnetic lobes, and a trough between the two magnetic lobes. As the Parker spiral angle decreased, the troughs of the curves moved to Y = −0.4 RM (Fig. 6a) and Y = −0.8 RM (Fig. 6b). In the −2 RM downstream case (Fig. 6a), the peaks of magnetic pressure on both sides decreased from 0.17 nPa to 0.13 nPa, responding to the Parker spiral angle change from 90° to 30°. In the −4 RM downstream case (Fig. 6a), the decrease in the magnetic pressure on the dawn side (from 0.13 nPa to 0.06 nPa) is twice the decrease on the dusk side (from 0.13 nPa to 0.095 nPa), indicating that when the Parker spiral angle decreases, the dawn-side magnetic lobe is affected to a greater degree compared to the dusk-side lobe.
The flaring of the magnetic field lines in the magnetotail is also an important diagnostic parameter in the dawn-dusk asymmetry of the magnetotail. The flaring angle θf = arceos (BX/|B|) is a characterization of the magnetic field direction and is related to the magnetotail width and the shape alteration of the plasma boundaries in the magnetotail (Crider et al. 2004). In this study, the acute angle between the induced magnetic field and the x-axis is calculated to specifically represent the flaring angle in the Martian magnetotail. Figure 7 shows the variation in the flaring angle at X = −4 RM for three cases. The flaring angle close to 0° (90°) indicates that the direction of the induced magnetic field is quasi-parallel (quasi-perpendicular) to the x-axis and the solar wind flow in this model. For all the cases in the figure, the flaring angle peaks near the central tail region (Y = 0 RM) represent the polarity reversion of the BX component, and the two troughs on both the dawn side and the dusk side correspond to the positions of the magnetic lobes. At Y = −4.8 RM in the 30° Parker spiral angle case and Y = −6 RM in the 56° Parker spiral angle case, the extra peaks represent the location of the IPRL. In the region of −3 RM ≤ Y ≤ 3 RM, the flaring angles in the 30° and 56° Parker spiral angle cases are higher than the flaring angle in the 90° Parker spiral angle case on the dawn side and lower than it on the dusk side. This result indicates that when the Parker spiral angle decreases, the average direction of the induced magnetotail on the dawn side (dusk side) becomes more perpendicular (parallel) to the solar wind flow compared to the case for a Parker spiral angle of 90°.
	[image: thumbnail]	Fig. 2 Distribution of the logarithmic pressure ratio β in the X–Y plane for different Parker spiral angles. Panel a: 90°; panel b: 56°; panel c: 30°. Black lines with ‘0’ labels represent the iso-gram of β = 0.



	[image: thumbnail]	Fig. 3 Iso-surface of β = 0 in the 3D space for different Parker spiral angles. Left: (a) 90°; middle: (b) 56°; right (c): 30°.



	[image: thumbnail]	Fig. 4 Bx component of the induced magnetic field for different IMF directions with the Parker spiral angles of 90° (a), 56° (b), and 30° (c), respectively, in the X–Y plane. The red and blue areas represent the magnetic lobes with positive and negative BX components. Black lines with ‘0’ labels represent the iso-gram of Bx = 0.



	[image: thumbnail]	Fig. 5 Iso-gram of Bx = 0 in the Y–Z plane at X = −2 RM (a) and −4 RM (b). Different line colors represent different settings of the Parker spiral angle: 90° (black), 56° (red), and 30° (blue).



	[image: thumbnail]	Fig. 6 Variation in the magnetic pressure with Y at Z = 0 RM in different cases of Parker spiral angles. Black: 90°; red: 56°; and blue: 30°. Left: (a) X = −2 RM; right: (b) X = −4 RM.



	[image: thumbnail]	Fig. 7 Variation in the flaring angle on the line at X = −4 RM and Z = 0 RM in the Y–Z plane in different cases of Parker spiral angles. Black: 90°;red: 56°; and blue: 30°.



4 Conclusions
In the present study, we investigated the effect of the Parker spiral angle on the dawn-dusk asymmetry of the Martian magnetotail by performing numerical simulations based on a three-dimensional multispecies MHD model. We conducted three numerical cases for Parker spiral angles of 90°, 56°, and 30°. The numerical results reproduced the distribution and draped structure of the induced magnetic field and indicated that a change in the value of the Parker spiral angle results in a change of the magnetic pressure and magnetic field direction in the Martian magnetotail, leading to the dawn-dusk asymmetrical structure of the magnetotail. Our conclusions about the varaition in the mangetic lobes and plasma boundaries under different IMF Parker spiral angles are as follows:

	Previous numerical studies have indicated that without the crustal fields, the structure of the magnetotail is approximately symmetrical when the Parker spiral angle is 90° (Romanelli et al. 2014; Li et al. 2021). However, when the Parker spiral angle decreases, the dawn-side magnetic lobe shrinks significantly and becomes smaller than the dusk-side lobe. The size of the dawn-side magnetic lobe may be determined by two factors. First, the magnetic pressure in the magnetic lobes reduces with a decrease in the Parker spiral angle. In the distant magnetotail, the decrease in the magnetic pressure on the dawn side is twice the decrease on the dusk side, limiting the downstream extension of the dawn-side lobe. Second, the average direction of the induced magnetotail on the dusk side is more parallel to the solar wind flow than that on the dawn side. These two factors may be apt to maintain the magnetic pressure in the downstream and facilitate the extension of the magnetic lobes. Consequently, the dusk-side lobe becomes larger when the Parker spiral angle is 56°. When the Parker spiral angle is very small (i.e., when the IMF is quasi-parallel to the solar wind flow) due to a decrease in the magnetic pressure, the magnetic lobes on both the dusk and dawn sides shrink significantly;


	The location of the PRL and IPRL can characterize the twist and dawn-dusk shift of the magnetotail. When the Parker spiral angle is not 90°, the PRL bends toward the dawn side due to the asymmetrical distribution of the magnetic pressure, especially near the equatorial plane of Mars. Moreover, the decrease in the Parker spiral angle leads to a decrease in the cross-flow IMF component (BY) and an increase in the flow-aligned IMF component (BX). This effect changes the direction of the induced magnetic field in the magnetic lobe and results in the formation and movement of the IPRL on the dawn side of Mars. When the IMF orientation changes, the shift of the IPRL is more obvious than that of the PRL. In fact, the region bounded by the PRL and IPRL can be regarded as the area in which the dawn-side IMF is strongly affected by the presence of Mars in the magnetized solar wind flow. As the Parker spiral angle decreases, this region shrinks toward Mars.



The draping pattern of the IMF around an unmagnetized planet and the resulting structure of the magnetotail are still worthy of further investigation. However, the existence of the crustal fields is why the Martian magnetotail is different from other unmagnetized planets. In the presence of the crustal fields, the variation in the IMF orientation can not only result in the dawn-dusk asymmetry of magnetic pressure on the magnetotail but also change the location of the reconnection between the IMF and the crustal fields (Weber et al. 2020). These effects periodically introduce open and closed magnetic topologies into the magnetotail and result in the clockwise or counterclockwise twist of the magnetotail structure from the ecliptic plane (DiBraccio et al. 2018, 2022; Ulusen et al. 2016). In this study, to ensure that the change occurring on the magnetotail is only caused by the change of the Parker spiral angle, the crustal fields were removed in the model. Furthermore, although the observational upstream solar wind and IMF conditions are variable, this study chose three typical cases to investigate the difference in the Martian magnetotail under different steady-state conditions. The results indicate the important effects of the IMF orientation on the configuration of the magnetotail, such as the systematic shift of the center-tail current sheet, variation in the magnetic pressure, and the difference in the size of the two magnetic lobes. Due to the similarities between the magnetotail structures of Mars and Venus (Dubinin et al. 2015), these conclusions may also be used as a reference for related research on the magnetotail structure of Venus.
Recent studies have indicated that the IMF orientation plays an important role in the transport processes of mass, energy, and momentum and that it controls the formation of the induced magnetosphere (Masunaga et al. 2011; Chang et al. 2020; Xu et al. 2021; Li et al. 2021). These physical processes are highly associated with planetary ion transport and the evolution of the Martian magnetotail. Thus, these subjects need to be further studied through numerical models.
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	Parker spiral angle





	1
	(0, 3, 0)
	90°
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	(−1.68, 2.49, 0)
	56°
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	(−2.6, 1.5, 0)
	30°
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        Distribution of the logarithmic pressure ratio β in the X–Y plane for different Parker spiral angles. Panel a: 90°; panel b: 56°; panel c: 30°. Black lines with ‘0’ labels represent the iso-gram of β = 0.
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        Iso-surface of β = 0 in the 3D space for different Parker spiral angles. Left: (a) 90°; middle: (b) 56°; right (c): 30°.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Bx component of the induced magnetic field for different IMF directions with the Parker spiral angles of 90° (a), 56° (b), and 30° (c), respectively, in the X–Y plane. The red and blue areas represent the magnetic lobes with positive and negative BX components. Black lines with ‘0’ labels represent the iso-gram of Bx = 0.
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        Iso-gram of Bx = 0 in the Y–Z plane at X = −2 RM (a) and −4 RM (b). Different line colors represent different settings of the Parker spiral angle: 90° (black), 56° (red), and 30° (blue).
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        Variation in the magnetic pressure with Y at Z = 0 RM in different cases of Parker spiral angles. Black: 90°; red: 56°; and blue: 30°. Left: (a) X = −2 RM; right: (b) X = −4 RM.
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        Variation in the flaring angle on the line at X = −4 RM and Z = 0 RM in the Y–Z plane in different cases of Parker spiral angles. Black: 90°;red: 56°; and blue: 30°.
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