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Abstract

:

In this paper we consider an unusual structure, twice observed at the magnetopause of Mercury, and called the “Double Magnetopause”. Presumably, it is associated with a current sheet created by Na+ ions. Two alternative scenarios are considered. The first one: Sodium ions prevail outside the Hermean magnetosphere. The second: Sodium ions predominate inside the magnetosphere of Mercury. These ions have been observed inside and outside the magnetosphere. We analyze what Na+ density excess can be sufficient for creation of a wide diamagnetic magnetopause current and on which side of the magnetopause this current is located. For each scenario, two directions of the north-south (Z) component of the solar wind magnetic field are considered.
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1. Introduction


The time-dependent sodium exosphere surrounds Mercury. The sodium exosphere of Mercury depends on solar radiation and solar wind plasma, as well as on micrometeoroids flux. Different ionization processes lead to the creation of Na+ ions inside and outside the Hermean magnetosphere. Mercury’s exosphere was formed due to thermal and impact vaporization, photon-stimulated and electron-stimulated desorption, ion sputtering, and interaction with the solar wind [1,2,3]. All these processes are interconnected and affect each other. Interaction with the solar wind and the interplanetary magnetic field (IMF) for Mercury is very strong, as it is located close to the Sun and possesses a global weak magnetic field; thus, reconnection occurs almost constantly (e.g., [4]). Potter and Morgan [5] found that the emissions of sodium and potassium at high latitudes are more intense and that sodium is more prevalent in the exosphere of Mercury than potassium. Some sodium excess was observed also at the subsolar region [2]. The picked-up sodium ions are accelerated in the magnetosheath due to the interaction with the disturbed solar wind; they partially return inside the magnetosphere [6]. These energetic heavy ions are a source of hot Na+ inside the magnetosphere [7]. Here we consider different cases when sodium ions prevail outside or inside the magnetosphere and when the Bz interplanetary magnetic field (IMF) component is northward or southward. We consider the possibility of the generation of sodium ion diamagnetic current at the Hermean magnetopause dependent on these conditions.




2. Sodium Ions Predominate out of the Magnetosphere


Sarantos et al. [7] emphasized that MESSENGER during its first flyby observed a maximum of sodium ions close to the planet and the next maximum in the magnetosheath. The authors suggested that out of the magnetosphere, the pickup sodium ions can reach the energy of ~10–100 keV. In this section, we suppose that the difference between Na+ ion densities in the magnetosheath and magnetosphere nmsh − nmsph = nmsh0 > 0. The characteristic average values of the Z IMF component at the orbit of Mercury are suggested to be ~ ±30 nT [8].



2.1. Northward IMF


Here we consider the case when sodium ions predominate out of the magnetosphere, and IMF is northward. Northward IMF was observed, for example, during the first MESSENGER flyby on 14 January 2008, when the spacecraft left the dawn magnetosphere. Slavin et al. [9] noted that at ~19:10:35 and at 19:14:15 UTC on 14 January 2008, two current sheets of small thickness and the same orientation were observed at the dawn-side magnetosphere. One of them was placed at the magnetopause, and the other closer to the planet. Between them, the broad zone of decreased Bz, named D-BL (dayside boundary layer) or Planetary Ion Boundary Layer, was recorded (see, for example, Figure 4A from [9]). The authors supposed that this current was carried by the sodium ions penetrating from the magnetosheath. Here we analyze what excess of Na+ ions should be in the magnetosheath relative to the magnetosphere to produce the Planetary Ion Boundary Layer in such structure.



To interpret the observed D-BL we use the analytical approach suggested by Belenkaya [10] for the Earth and applied to Mercury for the first MESSENGER flyby by Belenkaya and Pensionerov [11]. We suppose that excess of Na+ ions in the magnetosheath could create a magnetization diamagnetic current Jmsh on the magnetospheric side of the magnetopause at the equatorial latitudes (Figure 1). This current Jmsh is generated by those arcs of the Larmor circles of excess magnetosheath sodium ions, which are placed in the magnetospheric side of the magnetopause. This current is uncompensated by the neighbor magnetospheric ions and is directed from dawn to dusk in the considered case [11]. As Bz components on both sides of the magnetopause are parallel to each other, the sense of gyrorotation is conserved at the magnetopause. Figure 1 schematically presents the used approach.



Diamagnetic current Jmsh caused by the space inhomogeneity of the plasma is directed along Y axes from dawn to dusk (the Z-axis is directed parallel to the magnetospheric magnetic field near the noon magnetopause). Belenkaya [10] found the distribution function F(x) for the selected ion species. F(x) was chosen to be equal to Cf(x,φ)δ(V − Vth)δ(θ − θ0), where C is a constant dependent on boundary conditions; f(x,φ) is a step-cutoff function that limits the penetration of ions on the depth of their Larmor diameter (2   ρ  m s h    ) from one side of the magnetopause to the other; φ is an angle between X-axis and vector V measured to Y direction; Vth is a thermal velocity of ions; θ is a polar angle from axis Z of the velocity vector V; θ0 = π/2; δ is a delta function. Equations for F(x) are given in [10]. These equations allowed us to determine the density of ions n (as distribution function moment), plasma pressure P, and current density    j  m s h    , given by Equation (1)


    j  m s h       =     e  π   n  m s h 0       2 k  T  m s h      m  m s h         1 −    (  1 +  x   ρ  m s h      )   2      



(1)




for −2   ρ  m s h    < x < 0.



The magnetic field B of the current with density jmsh is given by Equation (2):


   1   μ 0    c u r l B =  j  m s h    



(2)







The one-dimensionality of the considered model allows us to write:


  −  1   μ 0      d  B z    d x   =  j  m s h    



(3)







The magnetic field caused by the    j  m s h     current inside the magnetosphere can be found by integration of Equation (3):


   B z   ( x )  = −  B 0  −    μ 0  e   2 π    n  m s h 0       2 k  T  m s h      m  m s h        ρ  m s h    [   (  1 +  x   ρ  m s h      )    1 −    (  1 +  x   ρ  m s h      )   2    + a r c s i n  (  1 +  x   ρ  m s h      )   ]     



(4)




for −2   ρ  m s h     < x < 0.



Here


   B 0  = −    B  m s h 0   +  B  m s h h 0    2   



(5)




where Bmsh0 is the average magnetic field in the magnetosheath; Bmsph0 is the average magnetic field inside the magnetosphere out of the D-BL layer; ρmsh is the Larmor radius of sodium ions penetrating from the magnetosheath on the depth ≤2ρmsh into the magnetosphere. From Figure 4A of Slavin et al. [9], it follows that Bmsh0 ~30 nT and Bmsph0 ~90 nT, which gives B0 = −60 nT for the considered case of northward IMF (e = −1.6 10−19 s A is the electron charge; μ0 = 4π⋅10−7 kg m s−2A−2 is the magnetic permeability of the vacuum; k = 1.38 × 10⁻²³ kg m2 s−2 is the Boltzmann constant, and (2kTmsh/mmsh)1/2 is the thermal ion velocity). Mass of the Na+ ion is mmsh = 3.8 × 10−26 kg.



From the Slavin et al. [9] data, it follows that the width of the D-BL layer in X direction L ~927 km and, consequently, ρmsh = L/2 = 463 km (Mercury radius RM = 2440 km). From the formula for ρmsh:


   ρ  m s h   =    m  m s h    V  N  a +       z  N  a +    e  B  m s p h      



(6)




where    B  m s p h   = 90   nT   and zNa+ = 1. We can obtain the velocity of the ions coming from the magnetosheath and having this gyroradius: VNa+ ~ 176 km s−1.



Diamagnetic current Jmsh is located inside the magnetosphere when sodium ions predominate in the magnetosheath (see Figure 1). Figure 2 presents calculations by Equations (4) and (5) of Bz for different values of nmsh0 > 0. In Figure 4A from [9], it is seen that at the edges of the D-BL there are two narrow jumps of Bz. One of them is interpreted as the usual proton thin current sheet at the magnetopause, the other one, deeper in the magnetosphere, is supposed by Mϋller et al. [12] to be due to the proton pressure gradients. During the first MESSENGER flyby, the sharp decrease of Bz at the magnetopause, when MESSENGER exited into the magnetosheath, was ~30 nT, while the second sharp decrease, when the spacecraft entered the D-BL, was of the order of ~20 nT. We consider this case a typical one under the taken conditions. The calculation results for nmsh0 ~2 cm−3 better describe the observations of a Bz smooth decrease with an increase of X for −2ρmsh < x < 0 between two sharp drops at both edges of the D-BL.



To better support our conclusions based on the magnetic field data, we quantified the comparison between the model and the observations. We calculated the root-mean-squared deviation (RMSD) of the model with different ion densities from the observed magnetic field. RMSD is now shown in Figures 2, 4, 6 and 8.




2.2. Southward IMF


Figure 3 schematically shows the generation of the current Jmsh by the excess of the sodium ions in the magnetosheath for Bz IMF < 0. For southward IMF, the direction of the current carried by Na+ ions in the magnetosphere caused by the excess of sodium ions beyond the magnetopause is the same as for the northward IMF. Because the reason for this current is the same in both cases, and the Bz direction in the magnetosphere does not change. Consequently, for an excess of sodium ions in the magnetosheath relative to the magnetosphere, regardless of the Bz IMF orientation, the current in the magnetosphere has the same direction (to the dusk).



Thus,    B z   ( x )    associated with Jmsh is again given by Equations (4) and (5). We can consider the second MESSENGER flight as an example of the case when the IMF was southward [13]. Two first flybys were near-equatorial. In Figure 2 from Slavin et al. [13], it is seen that similar to the previous case, a diamagnetic decrease is observed just before the magnetopause during the spacecraft’s exit from the magnetosphere on 6 October 2008 from 08:44:26 to 08:49:11 UTC when intersection with the magnetopause happened. At the magnetopause and just beyond it, the strong FTE was observed. The width of the depression layer in X direction was L ~1513 km. If we consider that this layer is created by the sodium ions current, then L ~2ρmsh, and ρmsh = 756 km. From Equation (6), it follows that VNa+ ~286.5 km s−1.



Calculations of Bz generated by Jmsh are shown in Figure 4 for southward IMF. We take the following values for the north-south magnetic field component out of the D-BL: Bmsh0 ~70 nT at the right edge of the depression layer and Bmsph0 ~90 nT at its left (inner) edge, which gives B0 = −80 nT for southward IMF (see Equation (5)).



Figure 4 demonstrates a comparison of calculations by Equations (4) and (5) with the measurements of Bz during the second MESSENGER flyby presented by Slavin et al. [13]. From this figure, it follows that the density excess of nmsh = 1 cm−3 gives a suitable result.





3. Sodium Ions Predominate in the Magnetosphere


On-ground observations show that the denser exosphere of Mercury is in the dayside mid-high latitudes (near the cusp footprints). However, sometimes a density increase occurs in the subsolar exosphere. The last case is most interesting for us. Here, we consider the case when the difference between the densities of Na+ inside the magnetosphere and in the magnetosheath is positive: nmsph − nmsh = nmsph0 > 0.



Using the approach described by Belenkaya [10], we can conclude that if a sodium ion excess is in the magnetosphere, then the current carried by these ions will be in the magnetosheath, just beyond the magnetopause.



3.1. Northward IMF


Raines et al. [14] mentioned that in the cusp region, Na+ ions have a rather high energy of ~2.7 keV, while in the dayside magnetosphere their energy is of the order of keV. We can find velocity corresponding to the keV thermal energy.


VNa+ th = (2kTNa+/mNa+)1/2



(7)




where TNa+ is the temperature. Magnetospheric keV sodium ions penetrating the magnetosheath have VNa+th = (2ENa+/mNa+)1/2 = 92 km/s (here ENa+ = kTNa+), and their Larmor radius (Equation (6)) in the magnetosheath magnetic field with the average strength of the order of ~30 nT is ρmsph ~700 km. Generation of a diamagnetic magnetopause current for the case, when sodium ions predominate in the magnetosphere and IMF is northward is shown in Figure 5.



The sodium ion current Jmsph in this case is located in the magnetosheath and is directed to the dawn. The magnetic field generated by this current is


   B z   ( x )  = −  B 0  +    μ 0  e   2 π    n  m s h 0       2 k  T  m s h      m  m s h        ρ  m s h    [   (  1 +  x   ρ  m s h      )    1 −    (  1 +  x   ρ  m s h      )   2    + a r c s i n  (  1 +  x   ρ  m s h      )   ]   



(8)




for 0 < x < 2ρmsph0.


   B 0  = −    B  m s h 1   +  B  m s h 2    2   



(9)




where Bmsh1 and Bmsh2 are Bz values at the inner and outer edges of the supposed sodium ion current, respectively.



The current Jmsph oriented to dawn creates Bz which should grow in the magnetosheath with increasing X. Since we did not find the corresponding observations described in the literature, we can take arbitrary characteristic values for the magnetic field at the edges of the zone of the expected magnetic field decrease. We chose the characteristic average IMF Bz value just beyond the magnetopause Bmsh1 ~30 nT and the value of Bmsh2 ~50 nT at the outer edge, which gives B0 = −40 nT for northward IMF.



Calculations using Equations (8) and (9) are demonstrated in Figure 6, which shows that    n  m s h 0   = 4   cm−3 gives a suitable result.




3.2. Southward IMF


If sodium ions predominate in the magnetosphere, the diamagnetic current should be located in the magnetosheath independently of the Bz IMF. This case is shown in Figure 7 for southward IMF.



The Bz generated by Jmsph in the case of southward IMF is given by Equation (4) but for 0 < x < 2ρmsph0 (in the magnetosheath). If we assume that the velocity in the magnetosheath of the keV thermal sodium ions is Vth = 92 km s−1, as in the previous case, then at the same magnetosheath magnetic field strength ~30 nT, the gyroradius is ρmsph = 700 km. In Equation (5), we chose the following values for Bz IMF at the edges of the expected magnetic decrease zone: Bmsh0 = −30 nT, Bmsph0 ~90 nT, and consequently, B0 = −30 nT.



From Figure 8, it follows that, in this case, to obtain a decrease of Bz corresponding to the accepted boundary conditions for the magnetic field at the edges of the expected current generated by sodium ions, the excess of Na+ in the magnetosphere should be of the order of 15 cm−3.



The magnetic field structure investigated in the last two cases was not observed in the Hermean magnetosheath, probably, because the other MESSENGER orbits were located mainly along the Z-axis, perpendicular to the equatorial plane, which did not allow observing the equatorial magnetosheath near the magnetopause during a relatively long time, or the assumed boundary values of Bz have been chosen to be too rough.





4. Conclusions


Using the analytical approach developed for the Earth by Belenkaya [10] and applied to Mercury for the first MESSENGER flyby by Belenkaya and Pensionerov [11], we consider the possibility of constructing a wide current at the Hermean magnetopause carried by sodium ions. We showed that if there is an excess of Na+ ions in the magnetosheath (magnetoshere), then such a current is on the magnetospheric (magnetosheath) side of the magnetopause. If Na+ ions prevail outside the magnetosphere, this current is directed from dawn to dusk independently of the north-south IMF component orientation. When sodium ions prevail in the magnetosphere, the sodium ions current is directed to the dusk for the southward IMF and to the dawn for the northward IMF.



To explain the “double magnetopause” [9,13] observed during the first two MESSENGER flights, presumably caused by the participation of the Na+ current, according to our calculations, the excess of sodium ions in the magnetosheath should be on the order of 1–2 cm−3. In the opposite case (when sodium ions prevail in the magnetosphere), the excess of Na+ in the magnetosphere should be ~4 cm−3 for northward IMF and ~15 cm−3 for southward IMF to create a sodium current out of the magnetopause for the average Bz values in the magnetosheath. Such a predicted structure was not observed, probably because MESSENGER did not intersect the magnetopause along the equatorial plane during a sufficient time on the next trajectories. Another reason could be that the assumed boundary values for Bz were too rough. Perhaps a future BepiColombo mission will be able to answer these questions. It is assumed that the influence of the solar wind will be studied in more detail since one spacecraft of the BipiColombo mission will be in the solar wind out of the magnetosheath, while the other in the magnetosphere of Mercury [15].
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Figure 1. The magnetospheric equatorial plane is presented in the vicinity of the magnetopause considered to be a thin layer coinciding with the Y-axis; the IMF is northward. The X-axis is directed sunward (positive X corresponds to the magnetosheath and negative to the magnetosphere). Jmsh is the diamagnetic current, which we consider to be caused by the positive difference of sodium ion densities in the magnetosheath and magnetosphere (following Figure 2 from [11]). 
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Figure 2. Bz near magnetopause (located at X = 0) for −2ρmsh < x < 0 in a case when the sodium ions dominate in the magnetosheath, and IMF is northward. Calculations of Bz by Equations (4) and (5) for nmsh0 = 2 cm−3 are shown in blue and for nmsh0 = 7 cm−3 in orange. Black horizontal dashed lines correspond to the boundary conditions: Bmsh0 ~30 nT and Bmsph0 ~90 nT. Grey curve demonstrates the MESSENGER magnetic field measurements during the first flyby presented by Slavin et al. [9] in the zone of diamagnetic decrease. 
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Figure 3. The same as in Figure 1, but for the southward IMF. 
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Figure 4. The same format as in Figure 2, but for southward IMF. Calculations of Bz by Equations (4) and (5) for nmsh0 = 1 cm−3 are shown in blue and for nmsh0 = 4 cm−3 in orange. Grey curve demonstrates the MESSENGER magnetic field measurements during the second flyby presented by Slavin et al. [13] in the zone of diamagnetic decrease. 
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Figure 5. The same as in Figure 1, but for the case when the sodium ions are predominant in the magnetosphere. 
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Figure 7. The same as in Figure 3, but for the case when the sodium ions predominate in the magnetosphere. 
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Figure 8. Bz near magnetopause (located at X = 0) for 0 < x < 2ρmsph in the case when the sodium ions dominate in the magnetosphere, and IMF is southward. The calculations of Bz by Equations (4) and (5) for nmsph0 = 2 cm−3 are shown in blue and for nmsph0 = 15 cm−3 in orange. 
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Figure 6. Bz near magnetopause (located at X = 0) for 0 < x < 2ρmsph in the case when the sodium ions dominate in the magnetosphere, and IMF is northward. The calculations of Bz by Equations (4) and (5) for nmsph0 = 1 cm−3 are shown in blue and for nmsph0 = 4 cm−3 in orange. 
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