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Key Points: 

• North–south asymmetries exist in Mercury’s magnetotail. 

• Both the IMF BX polarity and intrinsic offset dipole magnetic field control the 

north–south density asymmetry in Mercury’s tail. 

• The IMF Parker spiral results in a dawnside preference for the plasma 

asymmetric current sheet.  A
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Abstract 

Among nearly 300 near-Mercury tail current sheet crossings performed by the 

MESSENGER spacecraft, we identified 37 traversals of an asymmetric current sheet, 

wherein the lobe densities on opposite sides differ by a factor of three or more. These 

asymmetric current sheet crossings primarily occur on the dawnside. A global 

magnetohydrodynamic (MHD) simulation was found to be in excellent agreement 

with the observations. The results suggest that the north–south density asymmetry is 

caused by solar wind entering via an upstream-connected window in one hemisphere. 

Furthermore, the Parker spiral interplanetary magnetic field (IMF) controls the near-

tail density asymmetries, whereas Mercury’s offset dipole magnetic field controls 

those in mid- or distant-tail regions. We propose that hemispheric asymmetries in 

Mercury’s magnetospheric convection occur under strong IMF conditions. 

Plain Language Summary 

Mercury possesses a small magnetosphere owing to its weak planetary 

magnetic field and strong interactions with the solar wind in the inner heliosphere. 

The transport process of the solar wind mass and energy into its magnetosphere 

remains unclear. Previous MESSENGER observations suggest that although the 

Earth-like plasma mantle is detected inside the near-tail magnetopause in normal IMF 

magnitudes, it is not a permanent feature of Mercury’s magnetosphere. Here we 

report, for the first time, that solar wind ions can enter deep into the near-tail region 

via an upstream-connected window in one hemisphere and form a density-asymmetric 

current sheet under strong IMF conditions. Through MHD simulations, we revealed 

tail dawn–dusk asymmetries during the transport of solar wind plasma. Advanced data 

expected from BepiColombo will further improve our understanding of the solar 

wind–magnetosphere coupling. 
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1 Introduction 

Mercury has a small magnetosphere, approximately 5% the size of the Earth’s 

(Winslow et al., 2013; Zhong et al., 2015), formed by the interaction of solar wind in 

the inner heliosphere with a weak global dipolar magnetic field, which is ~195 nT-

RM
3 (Anderson et al., 2011). The basic structure of Mercury’s magnetosphere is 

analogous to that of Earth’s; it has a hemispherical dayside magnetosphere, high-

latitude cusps, and a stretched magnetotail on the nightside. Given the low Alfvénic 

Mach number of the solar wind in the inner heliosphere (Slavin and Holzer, 1979), the 

reconnection-driven minutes-timescale “Dungey cycle” is regarded as the primary 

mode of plasma entering and circulating in Mercury’s magnetosphere (Slavin et al., 

2021). 

MESSENGER observations have shown that magnetic reconnection can be 

readily triggered at Mercury’s dayside magnetopause, even under an extremely small 

magnetic shear (DiBraccio et al., 2013). It is commonly observed as flux transfer 

events (FTEs) or “FTE showers” (Slavin et al., 2010; Slavin et al., 2012; Leyser et al., 

2017; Sun et al., 2020; Zhong et al., 2020). The newly created open field lines that 

connect the IMF to the planetary magnetic field provide a direct channel through 

which solar wind can enter the magnetic cusps (Raines et al., 2014; Poh et al., 2016; 

Raines et al., 2022). As open field lines carry the solar wind plasma into the 

magnetotail, a boundary layer loaded with anti-sunward magnetosheath-like plasma, 

called plasma mantle, forms inside the high-latitude magnetotail (DiBraccio et al., 

2015). Finally, these high-latitude mantle plasmas undergo convection and enter the 

distant-tail plasma sheet through tail reconnection. Statistical analysis has shown that 

the plasma mantle in the near-Mercury high-latitude tail is typically detected under 

normal IMF magnitudes; however, it is not a permanent feature of its magnetosphere 

(Jasinski et al., 2017). 

The main feature of Mercury’s near-tail lobes is a plasma hole region with a 

tenuous or nearly absent ion flux (Raines et al., 2011). Relatively thick lobes are 
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occasionally separated by a thin current sheet (150–300 km thick), which is 

comparable to the gyroradii of protons (Poh et al., 2017). Here, we report the 

observations of north–south asymmetry in lobe densities on opposite sides of the near-

planet tail current sheet. Combined with a global MHD simulation, we suggest that 

the north–south density asymmetry is caused by the deep penetration of solar wind on 

the dawnside via an upstream-connected window in one hemisphere, which depends 

on the polarity of the IMF sector. The results suggest that in addition to the usual 

plasma mantle transport, the direct ingress of upstream solar wind plasma into the 

magnetotail is also crucial for solar wind-magnetosphere coupling, especially under 

strong IMF conditions. 

2 Observations 

We used magnetic field data (20 vectors s−1) from the Magnetometer (MAG; 

(Anderson et al., 2007) and ion plasma data (complete energy per charge up to 13 

keV/e in 10 s) from the Fast Imaging Plasma Spectrometer (FIPS; (Andrews et al., 

2007) onboard the MESSENGER spacecraft. FIPS measured the energy per charge 

(E/q) of ions from 46 eV/e to 13.3 keV/e, sweeping through these energies to create a 

full energy spectrum approximately every 10 s. It had a large instantaneous field of 

view (FOV) of 1.4 π sr, although ∼0.25 π sr was blocked by the spacecraft and its 

sunshade. We calculate proton densities and temperatures by following the procedure 

established in papers Raines et al. (2011), Gershman et al. (2013), and Dewey et al. 

(2018; 2020): we compute moments of the 1D velocity distribution function (VDF, 

i.e., phase space density as a function of E/q) via numerical integration. This approach 

assumes any flows present are subsonic since the 1D VDF has been integrated over 

the FIPS FOV. For a discussion of potential FOV effects and this subsonic 

assumption, we refer readers to these papers. These 1D VDFs are available on the 

NASA PDS. 

The data are presented in the aberrated Mercury solar magnetospheric (MSM) 
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coordinate system, assuming a radial solar wind velocity of 400 km/s. The coordinate 

system is centered on Mercury’s internal dipole, with the x-axis approximately in the 

opposite direction to the solar wind flow in Mercury’s frame, the z-axis parallel to the 

planetary spin axis and positive in the northward direction, and the y-axis completing 

the right-handed set (Anderson et al., 2011). 

2.1 Examples of North–South Asymmetry Across Current Sheet 

Figure 1 shows an overview of two tail current sheet traversals observed by 

MESSENGER during orbits 3601 and 3333. Both tail current sheet crossings occurred 

on the dawnside and from the northern (BX’ > 0) to the southern (BX’ < 0) lobe. The 

lobes are characterized by a strong magnetic field magnitude |B| and low fluctuations 

in the positive (negative) BX’ component for the northern (southern) lobe. The 

complete current sheet crossings can be identified by a positive-to-negative reversal in 

BX’ and a decrease in |B| during 08:49:18−08:49:53 and 01:05:48−01:06:02 UT, 

respectively. The rapid current sheet crossings suggest that the current sheets are 

relatively thin and/or moving rapidly past the spacecraft. 
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Figure 1. Two tail current sheet crossings exhibiting plasma asymmetries observed by 

MESSENGER. (a, a’) Magnetic field magnitude. (b, b’) Three components of the 

magnetic field in the aberrated MSM coordinates. (c, c’) FIPS H+ differential flux in 

cm−2 sr−1 s−1 keV−1. (d, d’) Count rate of 0.1−0.5 keV H+. (e, e’) and (f, f’) Calculated 

H+ number density and temperature for each scan. The spacecraft’s location is 

indicated at the bottom of the figure. Red vertical dashed lines mark the periods of 

current sheet crossings. 

The key feature of these two events is the difference in the plasma properties 

between the northern and southern lobes. During orbit 3601, MESSENGER observed 

that the northern lobe had tenuous or lack of ion flux, which is a regular plasma 

feature of Mercury’s tail lobe. However, in the southern lobe, a remarkably cold and 

dense ion population with flux energy ranging from tens of electron volts to 0.5 keV 

was observed (Figure 1c). The energy range of this ion population was lower than 

those of the magnetosheath and plasma sheet. The southern lobe showed 0.1–0.5 keV 

H+ count rates of ~10 counts/scan, in contrast to only 1 count/scan for the northern 

lobe (Figure 1d). The calculated H+ number densities (Figure 1e) in the southern lobe 

(> 3 cm−3) were substantially higher than those in the northern lobe (< 1 cm−3). The 

temperature of these dense ions in the lobe were relatively cold (< 5 MK), compared 

with the hot plasma sheet populations (> 10 MK) occasionally encountered (Figure 

1f). During orbit 3333, north–south density asymmetries were also observed. 

However, cold dense ions were abundant in the northern lobe. 

Additionally, in the lobe with higher density, a clear dawn–dusk oriented 

magnetic field was observed. During orbit 3601, the southern lobe field exhibits a 

remarkable dawnward component (−BY), although the field displays intermittent 

fluctuations (Figure 1b). In some periods, e.g., 08:23-08:24 UT, the –BY component 

reached a peak strength of 30 nT, representing 50% of the magnitude of BX 

component. During orbit 3333, a strong and steady duskward BY component persists 
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in the northern lobe, even larger than the BX component (Figure 1b’). 

2.2 Dawn–Dusk Distributions 

Poh et al. (2017) identified ~320 MESSENGER central plasma sheet crossings 

in the near-planet tail during the spacecraft’s orbital mission. It is impossible to 

simultaneously sample both the north and south tail lobes with a single spacecraft. To 

minimize the temporal and spatial variations of plasma in the lobe region, we selected 

the current sheet crossings based on criteria: (1) the central plasma sheet crossing was 

less than 10 minutes in duration so that both lobes could be observed near in time to 

each other; (2) the spatial variation of the spacecraft position in the X’ and Z’ 

directions before and after current sheet crossing are both less than 0.5 RM. This 

resulted in a total of 202 traversals of current sheet. To obtain sufficient number of 

events for statistical analysis, these criteria are somewhat arbitrary; however, the 

results did not qualitatively change when smaller thresholds were considered. 

We derived the lobe H+ number density adjacent to each side of the current 

sheet crossing over 5 minutes (gray dots in Figure 2a). In the calculations, we used 

only FIPS scans with plasma beta lower than 0.5 in order to avoid any plasma sheet 

populations in the lobe. To identify cases of north-south asymmetry, we applied the 

following criteria: ion number density on opposite sides of the current sheet differ by 

at least a factor of 3, and number density on the denser-side greater than 0.6 cm−3 (4 

times the median). We identified 24 and 13 such cases with denser plasma in the 

southern (blue circles) and northern lobes (red circles), respectively. A total of 30 of 

the 37 asymmetric current sheet events were observed on the dawnside of the tail 

(Figure 2b). Note that the 202 search orbits are almost evenly distributed on the dusk 

and dawn sides, with 98 and 104 orbits respectively. The greater number of 

asymmetric current sheet events observed on the dawnside therefore corresponds to a 

higher occurrence rate there. 
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Figure 2. Statistical results of the northern and southern lobes for 202 traversals of 

the near-Mercury tail current sheet. (a) Calculated H+ number density for 5 min 

averages of FIPS energy-per-charge scans in two lobes adjacent to each side of the 

current sheet. (b) Projection of the current sheet crossings onto the equatorial plane in 

aberrated MSM coordinates relative to Mercury’s surface (circle) and the average 

magnetopause obtained from the 3D model (dashed curve) (Zhong et al., 2015). Blue 

and red circles denote north-south asymmetry events with three times higher densities 

in the southern and northern lobes, respectively. Gray dots represent all analyzed 202 

traversals of the current sheet center. 

2.3 Correlations with IMF 

Owing to the lack of an upstream IMF monitor, we used the average value of 

the magnetic field measured over 10 min just upstream of the inbound and outbound 

bow shocks to determine the upstream IMF conditions. The time period between 

upstream measurements and tail current sheet crossings was typically ~2 hr. Over a 2 

hr interval, James et al. (2017) demonstrated that the IMF magnitude had an ~25% 

probability of varying by 20%–35%, and its hemispheric polarity (sunward and 

antisunward) had a much lower likelihood of changing. Nevertheless, the overall 

probability of north-south polarity changes after 2 hr exceeds 50%. 
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Figure 3a and 3b show the histograms of the IMF magnitude and BZ, respectively. 

For 202 orbit events (green), the median IMF strength and BZ was ~27 nT and −3 nT, 

respectively. This median IMF strength is greater than the value of ~23 nT for all tail 

crossings where the current sheet may be detected (black) [Figure 8a in Zhong et al. 

(2023)]. These suggest that here selected 202 thin current sheet events tend to occur 

under strong and southward IMF. The north–south asymmetry events (purple) 

meanwhile occurred under even stronger IMF conditions, with median IMF strength 

~31 nT, but smaller magnitude of southward component. 

 

Figure 3. Statistical properties of IMF. (a) Histograms of the IMF magnitude. (b) 

Histograms of the IMF BZ. (c) IMF BX and BY. Black: 1820 tail equator crossing 

events with (X’MSM
2+Y’MSM

2)0.5 > 1.5 RM and MLT = 21-03 h (Zhong et al., 2023). 

Green: 202 thin current sheet crossing events. Purple: 37 north-south asymmetry 

events. Blue and red circles: north-south asymmetry events with higher densities in 

the southern and northern lobes, respectively. 

The IMF generally has two types of sector structures: toward (IMF BX > 0 and 

BY < 0) and away (IMF BX < 0 and BY > 0) from the Sun. The sense of north–south 

asymmetry is correlated with the IMF sector structure (Figure 3c). Events with higher 

density in the southern (northern) lobe predominately occurred in the toward (away) 

sector. 
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3 Comparisons with Simulation 

A global MHD simulation is helpful for understanding the entering of solar 

wind into the near-Mercury tail. We used the Space Weather Modeling Framework 

(SWMF) tool (Tóth et al., 2012) to perform such a simulation, with parameters similar 

to those adopted by Jia et al. (2015). The center of the intrinsic dipole magnetic field 

is offset northward by 0.2 RM from the equator, with an equatorial surface field 

strength of 195 nT. The planet was considered to have a conductive iron core with a 

radius of 0.8 RM. The region above the core was regarded as a highly resistive mantle. 

The computational domain was set to −15 RM ≤ X ≤ 5 RM, −10 RM ≤ Y ≤ 10 RM, and 

−10 RM ≤ Z ≤ 10 RM in MSO coordinates. A non-uniform spherical grid was used, 

with a minimum grid size of 0.01 𝑅𝑀 near the surface of the planet and a maximum 

grid size of 0.27 RM near the outer boundary. Based on the IMF properties shown in 

Figure 3, we choose two sets of IMF, BIMF = [30, −10, −5] nT and BIMF = [−30, 10, 

−5] nT, for the IMF toward and away sectors, respectively. The number density, 

speed, and temperature of the solar wind were set to their typical values of 50 cm-3, 

400 km/s, and 1 × 105 K, respectively. 
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Figure 4. Global MHD simulation results for the IMF toward and away sector cases. 

(a, a’) Projected magnetic field lines in the noon-midnight plane. (b, b’) Projected 

magnetic field vectors in YZ cut at X = −2 RM. Color contours: number densities. (c, 
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c’) Projected ion flow vectors in XZ cut at Y = −1.2 RM with dawn-dusk flow in color 

contours. Thin white dashed lines: magnetopause; Thick white dotted lines: current 

sheet; Large white arrows: schematic diagram of the entry channel of solar wind ions 

into the tail along the magnetic field. 

From the simulations, it is evident that solar wind can penetrate deep into the 

near-Mercury tail region under strong IMF conditions. For the IMF toward sector, the 

southern lobe is interconnected to the upstream solar wind and packed with dense 

solar wind ions (Figure 4a). This north–south asymmetry is reversed for the IMF 

away sector (Figure 4a’). The north–south plasma asymmetries observed across the 

near-tail current sheet are reproduced in the simulation. As shown in the tail cross-

section at X = −2 RM, these asymmetries are clearly across the tail current sheet on the 

dawnside in both cases (Figure 4b and 4b’). 

The open magnetopause exhibits a clear rotational discontinuity. Across the 

rotational discontinuity, the component of the ion flow along the magnetic field from 

the solar wind into the magnetosphere proceeds with the Alfvén velocity (denoted by 

large white arrow in Figure 4a and 4a’) (Lee and Roederer, 1982). The simulations 

reproduced such inward ion flow from solar wind into magnetosphere in the southern 

tail for the IMF toward sector (Figure 4c) and in the northern tail for the IMF away 

sector (Figure 4c’). Owing to the Parker spiral configuration, the upstream solar wind 

enters the magnetosphere from the dawnside in both cases (+VY, Figure 4c and 4c’). 

Additionally, for the IMF toward sector, the magnetic field on the dawnside of the 

southern lobe constitutes a strong dawnward component (−BY, Figure 4b), whereas 

the magnetic field has a duskward component (+BY) in the northern lobe for the IMF 

away sector (Figure 4b’); these results are consistent with the observations. This is 

caused by the presence of IMF BY, which results in magnetic dragging toward dawn 

in both cases. Both Parker spiral configuration and magnetic dragging result in a 

dawnside preference of these north–south asymmetry events. 
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4 Discussion 

Mercury’s weak and small magnetosphere, driven by a strong IMF, probably 

causes solar wind to enter the magnetosphere in a different manner from that of Earth. 

At Earth, solar wind entering is dominated by IMF BZ. When the IMF is southward, 

solar wind can enter the tail lobes in the form of plasma mantle, and it is asymmetric 

between the northern and southern lobes depends on the IMF BY direction, i.e., in the 

northern-dawn and southern-dusk quadrants of the tail lobes when BY > 0 and in the 

other two quadrants when BY < 0 (Gosling et al., 1985; Wang et al., 2022). When the 

IMF is northward, solar wind plasma can enter the plasma sheet through high-latitude 

double-cusp reconnections, forming a low-latitude boundary layer (Le et al., 1996) 

and a relatively thick and dense plasma sheet (Song and Russell, 1992). North–south 

asymmetry of solar wind entry events in the lobes was also observed during quiet 

times, and it was modulated by the magnetic dipole tilt and Parker spiral of the IMF 

(Shi et al., 2013; Gou et al., 2016). At Mercury, however, solar wind preferentially 

enters the near-tail region in one hemisphere under strong IMF conditions. Under 

such conditions, north–south asymmetry in the two duskside quadrants becomes less 

apparent or disappears. Due to the close proximity of Mercury’s orbit to the Sun, the 

IMF has a greater intensity and more radial orientation than at Earth’s orbit. Our 

results suggest that the Parker spiral IMF with a dominating radial component creates 

strong north–south and dawn–dusk asymmetries in the solar wind entering the near-

Mercury tail. 

Additionally, Mercury’s northward offset dipole field may alter the efficiency 

of solar wind entering the two hemispheres. Both proton-reflection magnetometry 

(Winslow et al., 2014) and data-based magnetopause model (Zhong et al., 2015) have 

predicted that solar wind can directly access most of Mercury’s southern hemisphere 

surface. In our simulations, the influence of the offset dipole field on the north–south 

asymmetry was not obvious in the near magnetotail (X > −4 RM). However, in the 

mid- and distant-tail regions beyond X ∼ −4 RM, solar wind ions also filled the 
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southern hemisphere for the IMF away sector. As a result, the north–south plasma 

asymmetry was not evident, whereas the asymmetry for the IMF toward sector 

remained. Comparing the northern lobe in the IMF toward sector case (Figure 4a) and 

southern lobe in the IMF away sector case (Figure 4a’), it appears that the solar wind 

can enter the southern lobe more easily. This may explain the more solar wind-

entering events in the southern lobe. 

5 Summary 

Both observations and simulations suggest that solar wind ions can enter deep 

into the near-Mercury tail and have direct contact with the tail current sheet in one 

hemisphere under strong IMF conditions. The IMF sector structures are crucial for the 

hemispheric asymmetry of the plasma and energy transfer from the solar wind to 

Mercury’s magnetosphere. This asymmetry may be modified by the northward offset 

dipole field in the mid- or distant-tail regions. One consequence is the involvement of 

asymmetric reconnection, or the formation of a rotational discontinuity in the near-tail 

region owing to the significantly different densities on either side of the current sheet. 

More detailed investigations of magnetotail dynamics and hemispheric asymmetries 

in magnetosphere–exosphere–surface coupling will be enabled by forthcoming high-

resolution observations from the dual spacecraft of the BepiColombo mission (Milillo 

et al., 2020; Saito et al., 2021). 
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