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Abstract  

One of the most important properties of Earth’s magnetotail thin current sheet (TCS) is that 

its current is predominantly contributed by magnetized electrons. The Hall electric field, 

normal to the thin current sheet and generated by charge separation, is critical to the 

generation of this electron current as well as a dawn-dusk asymmetry of the magnetotail, such 

as duskside preference of magnetic reconnection and related structures and phenomena. 

However, systematic investigation of the Hall electric field has so far been lacking. Utilizing 

observations of TCS by MMS (Magnetospheric Multiscale) and THEMIS (Time History of 

Events and Macroscale Interactions during Substorm) spacecraft, we study the properties of 

this field. Our results, from various, complementary methods, show that the Hall electric field 

𝐸𝑧 (in the Geocentric Solar Magnetospheric, GSM, coordinate system) or 𝐸𝑛 (normal to the 

TCS plane) can be clearly observed to point towards the center of the current sheet. The 

typical magnitude of this electric field is several tenths of 1 mV/m. Statistics of MMS 

magnetotail TCS crossings show that the Hall electric field is stronger on the duskside, 

indicating a stronger Hall effect there, which confirms predictions from global-scale hybrid 

and particle-in-cell simulations.  

 

1. Introduction 

Thin current sheet (TCS) formation in Earth’s magnetotail, one of the most important features 

of the substorm growth phase, occurs before magnetic reconnection releases the stored 

magnetotail energy, causing charged particle (ion and electron) acceleration and global 

magnetotail reconfiguration. This magnetotail TCS typically has a strong current density, 

about 10 nA m2⁄ , and an ion kinetic scale thickness on the order of several ion Larmor radii 

or ion inertial lengths (e.g., Petrukovich et al., 2015, and references therein). Although ions 
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are significantly hotter than electrons in the magnetotail TCS, this strong current density is 

mainly carried by electrons, as found in both numerical simulations (e.g., Pritchett & Coroniti, 

1994; Hesse et al., 1998; Liu et al., 2014) and spacecraft observations (e.g., Runov et al., 

2006; Artemyev et al., 2009, 2011; Wang et al., 2018).  

 

In such thin (ion kinetic scale) current sheets, a significant portion of ions becomes 

demagnetized and cannot convect with magnetic field lines. Electrons, which are lighter and 

thus mostly magnetized, follow the field lines and move farther towards the neutral plane 

(TCS center) during TCS thinning driven by external pressure pulses or a cross-tail electric 

field. This difference between electron and ion response leads to charge separation (the Hall 

effect, see, e.g., Sonnerup 1979; Nagai et al., 2001; Fu et al., 2006; Lu et al., 2010) and a Hall 

electric field pointing towards the center of the thin current sheet from both sides (see, e.g., 

Wygant et al. 2005; Aunai et al., 2011; Korovinskiy et al., 2011; Schindler et al., 2012; 

Vasko et al. 2014; and references therein). In the presence of this Hall electric field, 

magnetized particles (ions and electrons) can 𝐄 × 𝐁 drift dawnward. The magnetized ions 

𝐄 × 𝐁 drift dawnward, reducing the total duskward ion current, which is dominated by the 

ion pressure gradient drift and transient ion motion (see, e.g., discussions in Artemyev & 

Zelenyi, 2013; Sitnov & Merkin, 2016; and references therein). Electrons are much lighter 

than ions, so almost all the electrons 𝐄 × 𝐁 drift dawnward (e.g., Birn et al., 2004, Zelenyi et 

al., 2011), which significantly increases the electron contribution to the duskward current. 

Another possible mechanism for generating the electron-dominated current in TCS is the 

electron drift caused by its thermal anisotropy (e.g., Hau et al., 1993; Zelenyi et al., 2004). 

Such anisotropy is often observed in the magnetotail (e.g., Stiles et al., 1978; Walsh et al., 

2011; Artemyev et al., 2014).  
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It has been unclear which of the two aforementioned mechanisms dominates the generation 

of TCS electron currents until recent global-scale hybrid (Lu et al., 2016) and particle-in-cell 

(Lu et al., 2018; Pritchett & Lu, 2018) simulations have suggested that the 𝐄 × 𝐁 drift of the 

magnetized electrons (the mostly unmagnetized ions do not 𝐄 × 𝐁 drift) in the presence of the 

TCS Hall electric field is the dominant mechanism contributing to the (predominantly 

electron) current density. These simulations also have found that the Hall electric field (𝐸𝑧 in 

the Geocentric Solar Magnetospheric, GSM, coordinate system or 𝐸𝑛, normal to the TCS 

plane) has a dawn-dusk asymmetry: it is stronger on the duskside than on the dawnside (see 

the global hybrid simulation results in Figures 1 and 2), indicating that the Hall effect is also 

stronger on the duskside. This occurs because more ions are demagnetized on the duskside 

because of the thinner current sheet and smaller 𝐵𝑧 there, which, in turn, is caused by the 

dawnward transport of magnetic flux and plasma by the 𝐄 × 𝐁 drift in the Hall electric field. 

Such asymmetric current sheet has been linked to the more frequent occurrence of 

reconnection on the dusk side (Lin et al., 2014), which is critical to the pervasive asymmetry 

in many active time magnetotail phenomena (see reviews by Walsh et al., 2014, and Haaland 

et al., 2017, and references therein). However, systematic study of the Hall electric field 𝐸𝑧 

has so far been lacking, and there has been no observational confirmation of the dawn-dusk 

asymmetry of this field.  

 

The 𝐸𝑧 magnitude in the thin current sheet expected from simulations is on the order of 1 

mV/m. Such a small electric field is difficult to measure by spacecraft with a spin axis along 

ZGSM. In this paper, using two different, complimentary methods, we obtain the Hall electric 

field in Earth’s magnetotail thin current sheet from MMS (Magnetospheric Multiscale) and 

THEMIS (Time History of Events and Macroscale Interactions during Substorm) spacecraft 

observations, respectively. More specifically, we investigate (1) whether the Hall electric 
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field exists in the magnetotail and has the direction and magnitude predicted by theory and 

simulations and (2) whether the Hall electric field is stronger on the duskside, as predicted by 

global-scale kinetic simulations (Lu et al., 2016, 2018). The data and the methods used to 

derive the Hall electric field are described in Section 2. The results are presented in Section 3, 

and the conclusions are given in Section 4.  

 

2. Data and Methods  

2.1. MMS 

We use MMS and THEMIS observations to investigate the Hall electric field in Earth’s 

magnetotail thin current sheet. During the MMS TCS crossings, the distances between the 

four spacecraft are small, so their measurements are similar. Therefore, we only use data 

from MMS1. For each TCS crossing selected, we determine the local normal coordinate 

system l, m, n, where the l axis is along the maximum variance eigenvector (Sonnerup & 

Scheible, 1998); the m axis is along the current density component 𝐣⊥ = 𝐣 − (𝐣 ∙ 𝐥)𝐥 (averaged 

over the entire current sheet crossing), which is perpendicular to l; and the n axis is directed 

perpendicular to l and m, i.e., 𝐧 = 𝐥 × 𝐦 (see details in Runov et al., 2005a).  

 

The MMS observations (Burch et al., 2016) consist of 48 TCS crossings (or “events”) by the 

spacecraft during the 2017 tail season (see Figure 3). These events are selected using the 

following criteria: (1) the peak current density is larger than 2.5 nA m2⁄ , (2) the current sheet 

thickness is smaller than 1 𝑅𝐸 (for evaluation of the current sheet thickness, see Appendix A), 

(3) the current is flowing mainly in the dawn-dusk direction, (4) the crossing is at quiet-time 

with average flow speed smaller than 100 km s⁄  (i.e., the current sheet that was observed 

during and right after magnetic reconnection is not adopted), and (5) the guide field 𝐵𝑚 is not 

strong throughout the current sheet crossing, 𝐵𝑚 < 3𝐵𝑛, to exclude current sheets with strong 
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field-aligned current. The specific time periods of these events are listed in Table 1. We use 

the magnetic field from Fluxgate Magnetometer (FGM, Russell et al., 2016) and the plasma 

density, flow velocity, and temperature from Fast Plasma Instrument (FPI, Pollock et al., 

2016).  

 

Although MMS measure 3-D electric field directly (see, e.g., Ergun et al., 2016; Lindqvist et 

al., 2016), such direct measurement is reliable only when the magnitude of the electric field 

exceeds several mV m⁄  in a very intense current sheet or during reconnection time (e.g., 

Wang et al., 2018; Torbert et al., 2018). However, according to the simulations, the 

magnitude of the Hall electric field is only on the order of 1 mV/m (Figures 1 and 2), so we 

cannot use direct electric field measurements. Therefore, to obtain the Hall electric field 𝐸𝑛 

from the MMS observations, we follow the method used in Tsai et al. (2017): In the 

magnetotail TCS, the electron flow in the m direction (𝑉𝑒𝑚, predominantly perpendicular to 

the magnetic field) is contributed by three terms (e.g., Artemyev & Zelenyi, 2013, and 

references therein): (1) 𝐄 × 𝐁 drift velocity, (2) anisotropy drift because of finite electron 

pressure anisotropy 𝑉𝑒,𝑎𝑛𝑖 = − (𝜕𝐵𝑙 𝜕𝑛⁄ )(𝑝𝑒∥ − 𝑝𝑒⊥) (𝑒𝑛𝑒𝐵2)⁄  (where 𝑝𝑒∥  and 𝑝𝑒⊥  are the 

parallel and perpendicular components of the electron pressure tensor), and (3) diamagnetic 

drift velocity 𝑉𝑒,𝐷𝑀 = 𝐵𝑙(𝜕𝑝𝑒⊥ 𝜕𝑛⁄ ) (𝑒𝑛𝑒𝐵2)⁄ . By subtracting the other two terms from 𝑉𝑒𝑚, 

the 𝐄 × 𝐁 velocity can be written as 

𝑉𝐸×𝐵 = 𝑉𝑒𝑚 − 𝑉𝑒,𝐷𝑀 − 𝑉𝑒,𝑎𝑛𝑖,                                                  (1) 

where, considering 𝜕𝐵𝑙 𝜕𝑛⁄ ≈ 𝜇0𝑗𝑚, the two terms can be rewritten as   

𝑉𝑒,𝑎𝑛𝑖 = − 𝜇0𝑗𝑚(𝑝𝑒∥ − 𝑝𝑒⊥) (𝑒𝑛𝑒𝐵2)⁄ ,                                            (2) 

and  

𝑉𝑒,𝐷𝑀 = 𝜇0𝐵𝑙𝑗𝑚(𝜕𝑝𝑒⊥ 𝜕𝐵𝑙⁄ ) (𝑒𝑛𝑒𝐵2)⁄ .                                           (3)  
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To calculate 𝜕𝑝𝑒⊥ 𝜕𝐵𝑙⁄ , we fit 𝑝𝑒⊥ with a parabolic function 𝑝𝑒⊥ = 𝑝̂𝑒⊥(1 − 𝛼𝐵𝑙
2), where 𝑝̂𝑒⊥ 

and 𝛼  are fitting constants. We obtain 𝑉𝑒𝑚  and 𝑗𝑚 = 𝑒𝑛𝑒(𝑉𝑖𝑚 − 𝑉𝑒𝑚)  from direct 

measurements. The 𝐄 × 𝐁 drift is caused by the Hall electric field 𝐸𝑛 and magnetic field 𝐵𝑙. 

Therefore, we obtain the Hall electric field from  

𝐸𝑛 = 𝑉𝐸×𝐵𝐵𝑙.                                                               (4) 

In the hybrid simulation results shown in Figure 2, the agreement between 𝐸𝑧 and 𝑉𝐸×𝐵,𝑦𝐵𝑥 

justifies the calculation of the Hall electric field using Equation (4) (𝐸𝑧 and 𝑉𝐸×𝐵,𝑦𝐵𝑥 equal to 

𝐸𝑛 and 𝑉𝐸×𝐵𝐵𝑙, respectively, because in the simulation the current sheet is in the x-y plane).  

 

2.2. THEMIS 

As described above, we derive the Hall electric field indirectly for the MMS dataset. To 

measure the Hall electric field directly, we need to eliminate the effect of current sheet 

motion, which can generate motional electric fields that mask the direct measurements of 𝐸𝑧. 

However, the MMS events of thin current sheet are observed during the magnetotail flapping 

motion (e.g., Runov et al., 2005b, and references therein). Therefore, for direct measurements, 

we need to consider non-flapping current sheets, and the optimal circumstance for this is a 

slowly thinning current sheet. This thinning process takes about one hour and is characterized 

by a gradual current density increase (e.g., Petrukovich et al., 2013; Artemyev et al., 2016a). 

Direct electric field measurements by several spacecraft that observe such current sheet 

thinning at different distances from the equatorial plane (at different 𝐵𝑥) can be combined to 

reconstruct the profile of 𝐸𝑧. However, small separation of MMS spacecraft does not allow 

them to probe the thinning current sheet at different distances from the equator 

simultaneously. Yet we can apply this method to the THEMIS dataset. Therefore, we analyze 

one event in which four THEMIS spacecraft (Angelopoulos, 2008) observed current sheet 

thinning. Using multi-point magnetic field measurements (Auster et al., 2008), we obtain the 
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current density from the curlometer technique (Dunlop et al., 2002). The electric field 𝐸𝑧 is 

obtained from the direct measurements of 𝐸𝑥 and 𝐸𝑦 (Bonnell et al., 2008) and by applying 

the approximation 𝐄 ∙ 𝐁 = 0.  

 

3. Results 

3.1. Single MMS Event 

Figure 4 shows an example of the MMS magnetotail thin current sheet crossing events. 

Figure 4a shows the 𝐵𝑙, 𝐵𝑚, and 𝐵𝑛 components of the magnetic field; the reversal of 𝐵𝑙 at 

about 10:25:33 UT indicates current sheet crossing. The ion flow velocity is small in the 

entire time period (Figure 4c), which shows that this is a quiet-time current sheet crossing 

(i.e., the current sheet was not observed during or right after magnetic reconnection). Figure 

4e shows electron, ion, and total current density in the m direction 𝑗𝑒𝑚 = −𝑒𝑛𝑒𝑉𝑒𝑚, 𝑗𝑖𝑚 =

𝑒𝑛𝑒𝑉𝑖𝑚, and 𝑗𝑚 = 𝑗𝑒𝑚 + 𝑗𝑖𝑚 obtained from the direct measurements of density and velocity.  

 

Figure 5 shows the MMS measurements versus 𝐵𝑙 , a proxy of the distance to the neutral 

plane, for this TCS crossing event. The current density peaks at ∼ 8 nA m2⁄  at the center of 

the current sheet (𝐵𝑙 = 0), and it is mostly carried by electrons (Figure 5a). Figure 5c shows 

the electron pressure 𝑝𝑒 and its parallel and perpendicular components, 𝑝𝑒∥, 𝑝𝑒⊥. The electron 

pressure has a parabolic shape with a maximum at the center (𝐵𝑙 = 0), and 𝑝𝑒⊥ is fitted with 

the parabolic function 𝑝𝑒⊥ = 𝑝̂𝑒⊥(1 − 𝛼𝐵𝑙
2)  as represented by the blue dashed line. The 

directly measured 𝑉𝑒𝑚 has a peak at the current sheet center, about −300 km s⁄  (Figure 5d). 

Figures 5e and 5f depict the electron anisotropy drift velocity 𝑉𝑒,𝑎𝑛𝑖 and the diamagnetic drift 

velocity 𝑉𝑒,𝐷𝑀  calculated using Equations (2) and (3), respectively, which shows that the 

contributions of these two drift velocities are small. By subtracting these two contributions 

from the total 𝑉𝑒𝑚, we obtain the 𝐄 × 𝐁 drift velocity (Equation (1)) with a magnitude of 
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about 250 km s⁄ , as plotted in Figure 5g. Figure 5h shows the profile of the Hall electric 

field 𝐸𝑛 calculated using Equation (4). The Hall electric field has a bipolar structure (pointing 

toward the center of the current sheet), and its magnitude is on the order of 1 mV/m.  

 

The MMS current sheet crossing event shows that the electron current is mostly contributed 

by the electron 𝐄 × 𝐁 drift in the m direction, i.e., the contribution from the anisotropy drift 

due to the electron pressure anisotropy is small. However, even 1% to 10% of the electron 

pressure anisotropy can result in strong electron current density (Zelenyi et al., 2011; 

Artemyev and Zelenyi, 2013). In our MMS event list, there are three events of this type 

(indicated by asterisks in Table 1) in which the electron current density is mostly contributed 

by the anisotropy drift, i.e., 𝑉𝑒𝑚 ≈ 𝑉𝑒,𝑎𝑛𝑖. Figure 6 shows a sample event of this type. In this 

TCS crossing, the current is still mainly carried by electrons, but the electron current is 

caused mostly by the anisotropy drift rather than the 𝐄 × 𝐁 drift. The anisotropy drift velocity 

contributes about 3/4 of the 𝑉𝑒𝑚 in this event (see Figures 6d and 6f). Therefore, the 𝐄 × 𝐁 

drift velocity and the Hall electric field 𝐸𝑛 are not strong in this event.  

 

3.2. MMS Statistics and Dawn-Dusk Asymmetry 

Previous global-scale hybrid simulations (Lu et al., 2016) and particle-in-cell simulations (Lu 

et al., 2018) have shown that the Hall effect in the magnetotail is stronger on the duskside, as 

indicated by the stronger Hall electric field on the duskside. Figures 1 and 2 show the global 

hybrid simulation results of the Hall electric field in the magnetotail thin current sheet using 

AuburN Global hybrId codE in 3-D (ANGIE3D, for details of the simulation model, see Lin 

et al., 2014, 2017). The Hall electric field 𝐸𝑧  at 𝑥 = −20𝑅𝐸  is stronger on the duskside 

(𝑦 = 10𝑅𝐸) than on the dawnside (𝑦 = −10𝑅𝐸). We perform a statistical study using the 48 
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MMS TCS crossing events to check the dawn-dusk asymmetry of the Hall electric field 

magnitude and to determine whether it is consistent with the simulation results.  

 

Of the 48 MMS TCS crossing events, 23 are on the dawnside and 25 on the duskside. Among 

the 48 MMS events shown in Table 1, there are three events (on the duskside) in which the 

electron flow velocity is mostly contributed by the anisotropy drift (caused by electron 

pressure anisotropy) rather than the 𝐄 × 𝐁 drift (for example, the event shown in Figure 6). 

The statistical result of the MMS events is shown in Figure 7, in which the red curves 

represent the statistical result of all the events, and the blue curves represent the statistical 

result of the events in which the 𝐄 × 𝐁 drift dominates the electron velocity (i.e., the strong 

anisotropy events are excluded). For both situations, the magnitude of 𝐸𝑛 is larger on the 

duskside, especially when the events with strong anisotropy causing large anisotropy drift are 

excluded. Overall, on the duskside the average magnitude of 𝐸𝑛 is about 0.5 mV/m, and on 

the dawnside the average magnitude is lower, about 0.25 mV/m.  

 

In the three events with dominating electron anisotropy drift, the 𝐄 × 𝐁 drift velocity is very 

small, usually around zero, as shown in Figure 6. This small 𝐄 × 𝐁 drift velocity gives a 

small Hall electric field magnitude. These values of 𝐄 × 𝐁 drift velocity and Hall electric 

field are smaller than average magnitudes. Nevertheless, this is based on only three events of 

this kind, we cannot rule out the possibility of current sheets with a strong 𝐄 × 𝐁 drift and an 

even stronger anisotropy drift. Further investigations are needed to better understand this 

issue. Also note that compared to the above average magnitudes from the MMS statistics, the 

ANGIE3D simulation (as shown in Figures 1 and 2) gives a larger magnitude of the Hall 

electric field. This is because the simulation considers an extreme case with strong driving, 

i.e., a fast solar wind speed (700 km s⁄ ) and a strong southward interplanetary magnetic field 
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(−10 nT), while the observation result is averaged over various solar wind and interplanetary 

magnetic field conditions.  

 

3.3. THEMIS measurements in thinning current sheet  

To investigate the profile of 𝐸𝑧  based on direct electric field measurements, we analyze 

THEMIS spacecraft observations shown in Figure 8. The four THEMIS spacecraft (ThA, 

ThC, ThD, ThE) formed a tetrahedron with sides about a few 𝑅𝐸 in the nightside magnetotail 

(near midnight, radial distance about 12 𝑅𝐸). The spacecraft ThD, ThC, and ThE were well 

separated in the GSM x-y plane. ThD and ThC were located above the equatorial plane (the 

corresponding 𝐵𝑥 > 0), and ThA was located far below the equatorial plane (𝐵𝑥 < 0). All 

four spacecraft observed a gradual 𝐵𝑧  decrease and a 𝑗𝑦  increase (because the spacecraft 

separation is on the order of 𝑅𝐸, the measured 𝑗𝑦 should be interpreted as a spatially-averaged 

value). The spacecraft configuration separated around the equatorial plane allows us to 

simultaneously measure the electric field at different 𝐵𝑥 (different distances from the equator) 

in such a stationary thinning current sheet (without TCS flapping motion).  

 

The interval of current sheet thinning shown in Figure 8 was embedded in a long time 

interval (~5 hours) of substorm activities that includes four weak substorms (four well 

separated peaks of AE index) and about four subintervals of current sheet thinning 

(characterized by gradual 𝐵𝑧 decreases) ended by dipolarizations (characterized by rapid 𝐵𝑧 

increases). This long time interval is plotted in Figure 9. Each dipolarization was 

accompanied by fast plasma flows with a significant earthward component. Such flows 

indicate that THEMIS spacecraft were located earthward of the magnetic reconnection region 

(e.g., Baker et al. 1996; Angelopoulos et al., 2013). During the subinterval shown in Figure 8, 

the spacecraft configuration was optimal for calculation of current density 𝑗𝑦  and for 
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measurement of electric field at different distances from the equatorial plane. The increase of 

current density 𝑗𝑦 confirms thinning of the current sheet (see Figure 8c).  

 

Because the THEMIS spacecraft measure electric fields within the spin plane, we apply the 

approximation 𝐄 ∙ 𝐁 = 0 to reconstruct the 3-D electric field distribution and estimate the 𝐸𝑧 

component. This approximation requires that the 𝐵𝑧/𝐵𝑥 ratio be not too small, and thus it 

cannot be justified for ThA. Moreover, the anisotropic electron population in thin current 

sheets can generate field-aligned quasi-steady electric fields violating the 𝐄 ∙ 𝐁 = 0 

approximation (e.g., see discussion in Artemyev et al., 2016b). Therefore, the 𝐸𝑧 field derived 

using this approximation should be considered as a leading order estimate. The noisiest field 

was measured by ThC, which was located farthest from the equatorial plane. The electric 

field 𝐸𝑧 is calculated for the three THEMIS spacecraft (ThC, ThD, ThE) and shows polarity 

and magnitude consistent with the MMS statistics – directed toward the equatorial plane and 

several tenths of 1 mV/m (see Figure 8f).   

 

4. Conclusions 

Systematic observations of the Hall electric field in quiet-time magnetotail thin current sheet 

were performed using MMS and THEMIS measurements. The MMS observations at about 

20 𝑅𝐸 were used to derive the Hall electric field 𝐸𝑛 indirectly from the magnetic field and 

plasma measurements; electric field measurements (in the spin plane) from THEMIS at about 

12 𝑅𝐸  were used to calculate 𝐸𝑛  directly under the approximation 𝐄 ∙ 𝐁 = 0 . These two 

different observations using two spacecraft missions both showed that the Hall electric field 

𝐸𝑛 has a bipolar structure across the current sheet directed towards the center of the current 

sheet, and the typical magnitude of this field is several tenths of 1 mV/m. The statistics using 

MMS magnetotail TCS events showed a clear dawn-dusk asymmetry of the 𝐸𝑛 magnitude, 
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stronger on the duskside, which confirms predictions from previous global-scale hybrid and 

particle-in-cell simulations.  

 

Appendix A: Determination of Magnetotail Thin Current Sheet Thickness 

Only thin current sheet with thickness 𝐿 smaller than 1 𝑅𝐸  is considered in this study. The 

thickness is estimated using 𝐵0 (𝜇0𝑗0)⁄ , where 𝐵0  is the magnetic field magnitude at the 

current sheet boundary, and 𝑗0 is the peak value of the cross-tail current density 𝑗𝑚. Because 

the orbit of MMS is equatorial, the spacecraft often do not reach the thin current sheet 

boundary with |𝐵𝑙| = 𝐵0. Therefore, we use the estimate 𝐵0 = 0.3𝐵𝑙𝑜𝑏𝑒 based on previous 

investigations of the magnetotail thin current sheet by Cluster spacecraft (e.g., Artemyev et 

al., 2011; Petrukovich et al. 2015), where 𝐵𝑙𝑜𝑏𝑒  is the magnitude of lobe magnetic field 

evaluated using pressure balance, i.e., 𝐵𝑙𝑜𝑏𝑒 = (𝐵𝑥
2 + 𝐵𝑦

2 + 2𝜇0𝑝𝑝)
1/2

, and 𝑝𝑝 =

𝑘𝐵(𝑛𝑒𝑇𝑒 + 𝑛𝑖𝑇𝑖). The accuracy of this estimate is about 30% (most of the thin current sheets 

from the Cluster dataset have 𝐵0 ∈ [0.2,0.5]𝐵𝑙𝑜𝑏𝑒, see Figure 6 in Petrukovich et al., 2015 

and Figure 4 in Artemyev et al., 2011). Using this method, we estimate the current sheet 

thickness in the 48 events in Table 1, as plotted in Figure A1 as function of peak cross-tail 

current density. The thickness is within 2000 km  (even for 𝐵0 = 0.5𝐵𝑙𝑜𝑏𝑒 , the thickness 

would be within 4000 km) and on the order of several local ion inertial length (𝑑𝑖, evaluated 

using peak ion density), showing that the current sheets considered in this study are indeed 

thin current sheet.  
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Table 1. Event list (TCS crossings by MMS) 

(Note: In the events marked with asterisks, the electron flow velocity is mostly contributed by 

the anisotropy drift originated from the electron pressure anisotropy rather than the 

𝐄 × 𝐁 drift.) 

Date and time 𝑋𝐺𝑆𝑀(𝑅𝐸) 𝑌𝐺𝑆𝑀(𝑅𝐸) 

2017-06-02/12:25:00-13:00:00 -18.34 -6.89 

2017-06-02/22:21:30-22:27:00 -20.85 -11.69 

2017-06-03/04:45:30-04:48:00 -20.87 -13.37 

2017-06-03/05:44:10-05:49:00 -20.78 -13.46 

2017-06-05/12:17:10-12:19:00 -20.3 -7.9 

2017-06-06/03:10:00-03:16:00 -21.07 -13.27 

2017-06-06/08:08:00-08:09:30 -19.97 -13.2 

2017-06-06/08:15:00-08:18:00 -19.93 -13.19 

2017-06-08/05:29:00-05:32:30 -19.99 -6.53 

2017-06-08/07:04:00-07:10:00 -20.55 -7.02 

2017-06-08/12:15:00-12:23:00 -21.73 -8.61 

2017-06-08/20:32:00-20:35:00 -21.88 -12.06 

2017-06-09/00:40:00-00:50:00 -21.23 -12.91 

2017-06-09/01:20:30-01:26:00 -21.09 -12.98 

2017-06-09/03:11:00-03:17:00 -20.62 -13.06 

2017-06-13/20:52:00-20:57:00 -20.8 -5.5 

2017-06-13/21:09:00-21:11:00 -20.89 -5.61 

2017-06-13/22:15:00-22:17:30 -21.28 -6.08 

2017-06-14/00:57:00-01:00:00 -22.04 -7.03 

2017-06-14/01:59:00-02:05:00 -22.27 -7.32 

2017-06-17/04:05:00-04:07:00 -23.23 -7.98 

2017-06-19/09:10:00-09:25:00 -20.22 -1.88 

2017-06-20/03:15:30-03:17:30 -23.36 -7.94 

2017-08-01/11:39:20-11:41:00 -22.4 8.26 

2017-08-03/08:06:00-08:07:20 -18.51 12.16 

2017-08-04/16:03:00-16:06:00 -19.1 5.54 

2017-08-04/16:10:00-16:14:00 -19.04 5.46 

2017-08-09/07:30:00-07:35:00 -20.61 13.62 

2017-08-12/01:18:00-01:21:00 -19.61 14.39 

2017-08-15/17:45:00-17:48:00* -19.21 10.06 

2017-08-18/16:56:00-16:59:00* -17.41 9.04 

2017-08-20/10:24:00-10:27:00 -17.41 16.64 

2017-08-23/12:48:00-12:51:30 -18.29 16.92 

2017-08-25/16:08:00-16:10:00 -12.21 17.15 

2017-08-25/20:12:40-20:15:40 -14.12 18.19 

2017-08-25/20:52:00-20:55:00 -14.39 18.25 

2017-08-26/17:58:45-18:00:20* -17.96 15.24 

2017-08-29/06:40:00-06:41:30 -17.16 17.93 

2017-08-29/18:41:00-18:43:00 -16.55 13.49 

2017-08-29/20:10:00-20:20:00 -16.17 12.5 

2017-09-01/01:00:00-01:07:00 -16.29 18.9 

2017-09-01/01:25:30-01:27:00 -16.33 18.83 

2017-07-03/05:52:00-05:54:00 -17.91 3.26 

2017-07-12/00:15:00-00:25:00 -22.26 3.83 

2017-07-12/11:11:00-11:16:00 -24.51 3.11 

2017-07-12/14:10:00-14:14:00 -24.47 2.24 

2017-07-20/07:45:00-07:46:40 -20.54 7.95 

2017-07-22/21:22:00-21:25:00 -16.78 8.45 
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Figure 1. Global hybrid simulation result of AuburN Global hybrId CodE in 3-D (ANGIE3D) 

showing the configuration of magnetic field lines and the contour of Hall electric field 𝐸𝑧 at 

𝑥 = −20𝑅𝐸  at 𝑡 = 1144 s. The simulation uses a pure southward interplanetary magnetic 

field (IMF), −10 nT, and a steady solar wind speed in the x direction, −700 km s⁄ . The 

structure of the magnetotail (characterized by stretched field lines) forms self-consistently via 

interaction between the IMF/solar wind and the geomagnetic field. The Hall electric field 𝐸𝑧 

forms in the magnetotail thin current sheet. For more details of the simulation model, see Lin 

et al. (2014, 2017).   
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Figure 2. Profiles of the Hall electric field 𝐸𝑧 from ANGIE3D at 𝑥 = −20𝑅𝐸 on the duskside 

(𝑦 = 10𝑅𝐸) and the dawnside (𝑦 = −10𝑅𝐸) at 𝑡 = 1144 s. The dashed curves represent the 

electric field calculate using 𝐸𝑧 = 𝑉𝐸×𝐵,𝑦𝐵𝑥 , where 𝑉𝐸×𝐵,𝑦 = (𝐸𝑧𝐵𝑥 − 𝐸𝑥𝐵𝑧) 𝐵2⁄ . The 

magnetic field 𝐵𝑥 indicates the distance to the center of the current sheet, and it is normalized 

to the magnitude of the lobe magnetic field 𝐵𝑙𝑜𝑏𝑒 (we use plasma pressure at the current sheet 

center to calculate 𝐵𝑙𝑜𝑏𝑒 from the pressure balance).   
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Figure 3. Location of the TCS events observed by MMS in the (a) GSM x-y plane and (b) 

GSM x-z plane.   
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Figure 4. MMS1 observations of a TCS from 10:24 UT to 10:27 UT on August 20, 2017. (a) 

Magnetic field, (b) electron density, (c) ion flow velocity, (d) electron flow velocity, (e) 

current density and electron and ion contributions in the m direction, (f) electron pressure 

(black), electron parallel pressure (red), and electron perpendicular pressure (blue).   
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Figure 5. For the same event as shown in Figure 4. (a) Current density 𝑗𝑚 (black), electron 

current density 𝑗𝑒𝑚 (blue), and ion current density 𝑗𝑖𝑚  (green); (b) electron density 𝑛𝑒 ; (c) 

electron pressure 𝑝𝑒 (black), electron parallel pressure 𝑝𝑒∥ (red), and electron perpendicular 

pressure 𝑝𝑒⊥  (blue). The blue dashed curve represents the fitting of 𝑝𝑒⊥  using 𝑝𝑒⊥ =
𝑝̂𝑒⊥(1 − 𝛼𝐵𝑙

2) . (d) Electron bulk velocity 𝑉𝑒𝑚  from direct measurements; (e) electron 

diamagnetic drift velocity 𝑉𝑒,𝐷𝑀 ; (f) electron anisotropy drift velocity 𝑉𝑒,𝑎𝑛𝑖 ; (g) electron 

𝐄 × 𝐁 drift velocity 𝑉𝐸×𝐵; and (h) the Hall electric field 𝐸𝑛 as functions of 𝐵𝑙 – proxy of the 

distance from the neutral sheet.   
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Figure 6. MMS1 observations of a TCS from 16:56 to 16:59 on August 18, 2017. Same 

format as Figure 5.   
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Figure 7. Statistics and dawn-dusk asymmetry from MMS measurements. The magnetic field 

𝐵𝑙 is normalized to the magnitude of the lobe magnetic field 𝐵𝑙𝑜𝑏𝑒 (we use plasma pressure, 

𝑝𝑝 = 𝑘𝐵(𝑛𝑒𝑇𝑒 + 𝑛𝑖𝑇𝑖)  to calculate 𝐵𝑙𝑜𝑏𝑒  from the current sheet pressure balance, 𝐵𝑙𝑜𝑏𝑒 =

(𝐵𝑥
2 + 𝐵𝑦

2 + 2𝜇0𝑝𝑝)
1/2

). Each gray curve represents a single event. The red curve denotes the 

average of all the events, and the blue curves denote the average of the events in which 𝐄 × 𝐁 

drift dominates the electron velocity (i.e., the strong anisotropy events are excluded).  
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Figure 8. The current sheet thinning observed by four THEMIS spacecraft. Magnetic field 

components (a) 𝐵𝑧  and (b) 𝐵𝑥 , (c) current density 𝑗𝑦  (and accuracy of the current density 

calculation), and (d) electric field 𝐸𝑧 estimated from the 𝐄 ∙ 𝐁 = 0 approximation for three 

spacecraft. Panel (e) shows spacecraft locations in the GSM x-y plane, and panel (f) shows 𝐸𝑧 

distribution across the current sheet.   
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Figure 9. Long time interval that includes the subinterval of Figure 8 (indicated by the black 

arrow). (a) AE index, (b) plasma flow component 𝑉𝑥, and (c) magnetic field component 𝐵𝑧 

measured by THEMIS C and THEMIS E. The dipolarizations accompanied by fast plasma 

flows are shown by colored boxes.   
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Figure A1. Current sheet thickness in the TCS events in units of (a) km and (b) local ion 

inertial length (𝑑𝑖, evaluated using peak ion density). 


