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Abstract Magnetotail reconnection and related phenomena (e.g., flux ropes, dipolarizing flux bundles,
flow bursts, and particle injections) occur more frequently on the duskside than on the dawnside. Because
this asymmetry can directly result in dawn-dusk asymmetric space weather effects, uncovering its physical
origin is important for better understanding, modeling, and prediction of the space weather phenomena.
However, the cause of this pervasive asymmetry is unclear. Using three-dimensional global hybrid
simulations, we demonstrate that the Hall physics in the magnetotail current sheet is responsible for the
asymmetry. The current sheet thins progressively under enhanced global convection; when its thickness
reaches ion kinetic scales, some ions are decoupled from the magnetized electrons (the Hall effect). The
resultant Hall electric field Ez is directed toward the neutral plane. The Hall effect is stronger (grows faster) on
the duskside; i.e., more ions become unmagnetized there and do not comovewith themagnetized dawnward
Ez× Bx drifting electrons, thus creating a larger additional cross-tail current intensity jy (in addition to the
diamagnetic current) on the duskside, compared to the dawnside. The stronger Hall effect strength on the
duskside is controlled by the higher ion temperature, thinner current sheet, and smaller normal magnetic field
Bz there. These asymmetric current sheet properties are in turn controlled by two competing processes that
correspond to the Hall effect: (1) the dawnward E× B drift of the magnetic flux and magnetized ions and
electrons and (2) the transient motion of the unmagnetized ions which do not execute E× B drift.

1. Introduction

A fundamental property of the magnetotail is the dawn-dusk asymmetry of its plasma parameters and mag-
netic field distributions (see review by Walsh et al. [2014], and references therein). The most thoroughly
reported asymmetry is of dynamical (transient) processes, such as flux ropes, traveling compression regions,
and flow bursts, which occur predominantly in the dusk flank. A pronounced duskside preference for flux
rope and traveling compression region occurrence (36 events on dawnside and 88 events on duskside)
was shown in the Cluster observational statistical study by Slavin et al. [2005]. In the Time History of Events
and Macroscale Interactions during Substorms (THEMIS) survey of flux ropes and traveling compression
regions by Imber et al. [2011], 81% of flux ropes and traveling compression regions were observed in the dusk
sector. A similar dawn-dusk asymmetry in high-speed flow occurrence has also been observed. Such an
asymmetric distribution of both tailward and earthward flow bursts in the �10 RE to �50 RE region was
reported by Nagai and Machida [1998] using Geotail observations. Raj et al. [2002] performed a statistical
study using Wind data and found that 41 of 51 bulk flow events occurred on the duskside. In THEMIS statis-
tics, similar dawn-dusk asymmetric distributions have also been found in dipolarization fronts (dipolarizing
flux bundles) [Liu et al., 2013] and energetic particle injection events [Gabrielse et al., 2014]. The underlying
common driver of these observed dawn-dusk asymmetries is the preferential occurrence of reconnection
in the dusk rather than the dawn sector. A duskside reconnection event preference has been found using
Geotail [Nagai et al., 1998, 2013; Machida et al., 1999; Asano et al., 2004; Genestreti et al., 2014] and Cluster
[Eastwood et al., 2010; Genestreti et al., 2014] data.

Reconnection and relatedphenomenahavedecisive impact onglobalmagnetospheric activities sincemagne-
totail reconnection is widely believed to trigger substorm onset [Baker et al., 1996; Angelopoulos et al., 2008].
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The aforementioned magnetotail dawn-dusk asymmetry can thus directly result in dawn-dusk asymmetric
space weather effects. For example, previous studies have shown asymmetries in the average substorm onset
location, with the most likely onset location shifted duskward to 23:00 magnetic local time [e.g., Frey and
Mende, 2006, and references therein]. Uncovering the physical origin of this asymmetry in the magnetotail is
important for better understanding, modeling, and prediction of space weather phenomena.

Recent global magnetohydrodynamic (MHD) simulations by Lotko et al. [2014] suggest that the asymmetry of
magnetotail reconnection could be caused by the nonuniform spatial distribution (meridional gradient) of
the ionospheric Hall conductance, which controls magnetosphere-ionosphere interactions through the
Cowling effect. On the other hand, magnetotail dawn-dusk asymmetry has also been found to exist in a
three-dimensional (3-D) global hybrid model of the magnetosphere [Lin et al., 2014] even with uniform iono-
spheric conductance. Lin et al. [2014] suggested that the Hall electric field Ez, which develops because of the
separation of ion and electron motion in the current sheet and thus leads to the electron and ion dawnward
Ez× Bx drift, reduces the plasma content of flux tubes at dusk and results in more favorable conditions for
reconnection in the dusk plasma sheet. Because the primary mechanism for triggering magnetotail recon-
nection is likely kinetic instabilities in the current sheet, which operate at scales on the order of a few ion gyro-
radii or ion inertial lengths, the Hall path to asymmetry during current sheet thinning by external forcing
could precede the asymmetries imposed by ionospheric conductivity gradients.

Further analysis is required, however, to illustrate how the Hall effect generates the magnetotail dawn-dusk
asymmetry. Some key questions need to be addressed: given that the Hall effect is caused by ion demagne-
tization, what percentage of ions are still magnetized and so can experience the E× B drift and generate a
collective effect? What is the net drift in the plasma sheet when this additional drift motion is combined with
other drift (e.g., diamagnetic drift) contributions? What are the magnetic field signatures (e.g., normal
magnetic field Bz) associated with this mechanism, and how does the Hall effect affect the current sheet
properties (e.g., cross-tail current intensity, plasma density, and current sheet thickness)? What causes the
dawn-dusk asymmetric strength of the Hall effect, and how does the asymmetry progress in time? To
thoroughly answer these questions, we further investigate the physical mechanism behind the Hall effect
path to magnetotail dawn-dusk asymmetry. The paper is organized as follows: the 3-D global hybrid
simulation model is described in section 2. The simulation results are presented in section 3. Section 4
contains the summary and discussion.

2. Simulation Model

We use the three-dimensional (3-D) global hybrid simulation model described in detail in our previous stu-
dies [e.g., Lin et al., 2014; Lu et al., 2015a, 2015b]. Ions are treated as particles and electrons are considered as
a massless fluid. The simulation is carried out in a cubic box in the GSM coordinate system (GSM coordinates
are used throughout this study). The simulation domain is from�60 RE to 20 RE in the x direction and�30 RE
to 30 RE in the y and z directions. We use nonuniform Cartesian grids with a high resolution of
Δx=Δy=Δz= 0.15 RE in the near-tail region of primary interest. A total of Nx×Ny×Nz=373× 217× 217 grids

and about 3 × 109 particles are employed. The main time step for particle advancement is dt ¼ 0:05 Ω�1
i (Ωi

based on the interplanetary magnetic field (IMF), BIMF). Electromagnetic and flow fields are updated with
subcycling time steps. Ten subcycling time steps are used for each main step, so the subcycling time step

is δt ¼ 0:005 Ω�1
i . In addition to the ion particles, a cold, incompressible ion fluid is imposed in the inner

magnetosphere with r< 6 RE. The subcycling time scheme and the cold ion approximation in the inner mag-
netosphere are enormously economical with computational resources [Swift, 1996]. The initial condition is a
dipole geomagnetic field at x< 15 RE (plus an image dipole) and a uniform solar wind with a southward IMF
at x> 15 RE. The solar wind flows from the dayside boundary x= 20 RE with a speed VSW =�700 km/s along
the �x direction, carrying the steady IMF BIMF = (0, 0, �10 nT). The solar wind ion number density
nSW = 6 cm�3 and the temperature TiSW = 10 eV. The dayside boundary x= 20 RE is a fixed boundary; the
other five boundaries are open. At the inner boundary r= 3.5 RE, particles are reflected, and a
magnetospheric-ionospheric electrostatic coupling model is employed [Raeder et al., 1995; Hu et al., 2007;
Lin et al., 2014]. A uniform ionospheric Pedersen conductance ΣP= 5 S is adopted; the Hall conductance
ΣH is assumed to be zero.
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3. Simulation Results

In the 3-D global hybrid simulation, the magnetosphere is formed self-consistently by interaction
between the solar wind and the geomagnetic field. At about t=1430 s, well-developed bow shock, mag-
netosheath, and magnetosphere configurations are obtained. Figure 1 shows an overview of the hybrid
simulation at that time. Southward magnetosheath field lines are reconnected with the northward geo-
magnetic field at the dayside magnetopause. Solar wind plasma, energy, and magnetic flux thus pene-
trate the magnetopause and are transported tailward by magnetospheric convection, which results in a
long (in the x direction), thin current sheet in the magnetotail. As magnetic flux and energy accumulate in
themagnetotail, the current sheet continues to thin until it reaches theorder of the ion kinetic scale (ion inertial
length or ion gyroradius).

In the ion kinetic-scale thin current sheet, ions are categorized into two classes, adiabatic/magnetized and
quasi-adiabatic/unmagnetized, by different trajectories [e.g., Sonnerup, 1971; Büchner and Zelenyi, 1989;
Zhou et al., 2009]. The unmagnetized ions are decoupled from the magnetic field lines, whereas the electrons
are frozen-in. Thedecouplingof ions fromelectrons, namely, theHall effect, is usually characterizedby the gen-
eration of a bipolar Hall electric field directed toward the neutral plane as shown in Figures 2a and 2i, for the
dawnanddusk sectors, respectively. TheHall electricfield Ez is distributedwithin the ion kinetic scale of the thin
current sheet; it is stronger on the duskside (about 4mV/m) andweaker on the dawnside (about 2mV/m). This
field can cause an E× B drift VE × B= E× B/B2 fromdusk to dawn. In the ydirection, VE × B= (EzBx� ExBz)/B

2. In a
thin current sheet, Ex and Bz (and By) are much smaller than Ez and Bx, respectively; therefore, VE × B≈ Ez/Bx.
However, we should note that both Bx and Ez reverse across the neutral plane, Bx=0. Therefore, the E× B drift
near Bx= 0 is mainly contributed by Ex instead of Ez [Zelenyi et al., 2010]. In the thin current sheet with small
external guide field (By≪ Bx; this condition is satisfied in our simulation because of the zero IMF By) and small
parallel electric field (E||~0; this condition is also satisfied before magnetotail reconnection occurs in our simu-
lation), theelectricfield Ex component is related toEz components: Ex≈� EzBz/Bx. By substituting this relation to

VE � B ¼ EzBx � ExBzð Þ= B2x þ B2z
� �

, we obtain VE × B≈ Ez/Bx, which only contains Ez and Bx. The ratio Ez/Bx has a

finite value at the neutral plane (both Ez~z and Bx~z near z~0). Therefore, the expression VE × B≈ Ez/Bx is still
valid even near the neutral sheet, and thus, we consider Ez as the main contributor to the E× B drift
[Schindler and Birn, 2002; Schindler et al., 2012].

Figure 1. Overview of the 3-D global hybrid simulation. Magnetic field lines in the 3-D perspective and contours of the ion
density n (cm�3) in the equatorial (z = 0) and noon-midnight meridian (y = 0) planes at t = 1430 s. The black field lines
represent the southward IMF in the solar wind and magnetosheath, the red field lines represent the closed geomagnetic
field, and the green field lines represent the semiclosed geomagnetic field.
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Because Ez is stronger on the duskside, the E× B drift is also stronger there (about 300 km/s) and weaker
(about 150 km/s) on the dawnside (see Figures 2b and 2j). The electrons in the thin current sheet are almost
all magnetized, and their motion is dominated by the E× B drift. The electron flow velocity in the y direction
can be written as Vey = VeDM+ VE × B, where electron diamagnetic drift VeDM is negligible because of the low
electron temperature. Therefore,

Vey ¼ VE � B; (1)

which is demonstrated in Figures 2b, 2c, 2j, and 2k.

The E× B drift discussed above causes a net momentum change in addition to the equilibrium diamagnetic
drift in the current sheet. As a result, the overall ion flow is more complicated because it is a combination of
ion diamagnetic drift ViDM= B×∇(nTi ⊥)/(enB2) (in the y direction, ViDM=� [Bx∇z(nTi ⊥)� Bz∇x(nTi ⊥)]/
(enB2)≈� Bx∇z(nTi ⊥)/(enB2)) of all the ions and E× B drift of the magnetized ions. Unmagnetized ions move

Figure 2. Contours of (a and i) Ez (mV/m), (b and j) E × B drift velocity VE × B = (EzBx� ExBz)/B
2 (km/s), (c and k) electron

bulk velocity Vey (km/s), (d and l) ion perpendicular temperature Ti⊥ (keV), (e and m) ion diamagnetic drift velocity
ViDM =� [Bx∇z(nTi ⊥)� Bz∇x(nTi ⊥)]/(enB

2) (km/s), (f and n) ion bulk velocity Viy (km/s), (g and o) number density n (cm�3),
and (h and p) cross-tail current density jy (nA/m

2) in the dawnside (y =�6 RE) and duskside (y = 6 RE) (x, z) planes at
t = 1430 s.
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along transient (Speiser) trajectories, so they do not have chance to make a closed orbit within current sheet
[e.g., Büchner and Zelenyi, 1989]. As a result, these particles do not follow the guiding center E× B drift but
contribute to the ViDM drift [e.g., Sitnov et al., 2000; Zelenyi et al., 2000]. Therefore, the total ion flow velocity is

V iy ¼ ViDM þ αiVE � B; (2)

where αi (<1) is the fraction of the magnetized ions. The ion perpendicular temperature Ti⊥ is higher on the
duskside in the thin current sheet (see Figures 2d and 2l). Such an asymmetry is consistent with previous
observations and modeling [Spence and Kivelson, 1990; Wang et al., 2006; Guild et al., 2008; Keesee et al.,
2011; Vasko et al., 2015]. The higher Ti⊥ and thinner current sheet on the duskside give an ion diamagnetic drift
speed that is higher (about 50 km/s) on theduskside and lower (about 25 km/s) on thedawnside (see Figures 2e
and2m). Figures 2f and2npresent the ionflowvelocity in the ydirectionon theduskside anddawnside. On the
duskside, the ion flow velocity is about 10 km/s. Given, from above, that ViDM= 50 km/s and VE × B=�300 km/s
on the duskside, αi=0.13 can be obtained using equation (2). On the dawnside, Viy=�50 km/s, ViDM=25 km/s,
and VE × B=�150 km/s, so αi=0.5. Therefore, we infer that more ions are unmagnetized on the duskside
(1� αi=87%) than on the dawnside (1� αi=50%). The plasma density is also asymmetric, higher on the
dawnside, and lower on the duskside (see Figures 2g and 2o). Combining this plasma density asymmetry with
the higher ion perpendicular temperature on the duskside than on the dawnside, the pressure (Pi⊥= nTi⊥) is
balanced between the dawnside and duskside.

The cross-tail current density can be written as

jy ¼ en V iy � Vey
� � ¼ en ViDM þ 1� αið Þ VE � Bj j½ �: (3)

All the properties (larger ViDM, smaller αi, and larger |VE × B|) on the duskside lead to a much more intense
cross-tail current density on the duskside, as shown in Figures 2h and 2p. By comparing the electron and
ion flow velocities in the y direction, one can see that the cross-tail current is predominately carried by the
electrons in the thin current sheet, which is generated by the E× B drift due to the Hall electric field. The first
term on the right-hand side of equation (3) is the diamagnetic current (VeDM neglected), and the second term
is the additional current introduced by the Hall effect. In the thin current sheet, especially on the duskside, the
cross-tail current density jy is predominantly contributed by the Hall effect term.

To further demonstrate the current sheet properties and their dawn-dusk asymmetry, Figure 3 shows the pro-
files of current sheet properties along the z direction averaged from x=�20 RE to �15 RE on the dawnside
(y=�6 RE) and duskside (y=6 RE). The jy peak is 34.2 nA/m

2 on the dawnside and 67.2 nA/m2 on the duskside.
The jy profiles show a typical “embedded thin current sheet” [Runov et al., 2006; Sitnov et al., 2006; Petrukovich
et al., 2011], i.e., a thin current sheet embedded within a thicker background plasma sheet. We fit the jy pro-
files with a simple embedded thin current sheet model, jy= j0sech

2(z/L0) + jsech2(z/L), where the first term on
the left-hand side represents the thick background plasma sheet with small current density j0 and large thick-
ness L0, and the second term represents the embedded thin current sheet with intense current density j and
small thickness L. The fitted current sheet half-thickness is L= 0.6 RE on the dawnside and L= 0.33 RE on the
duskside. Note that because of the limited computer resources, we use an artificial solar wind ion inertial
length diSW = 0.1 RE (6.85 times larger than actual value) in the 3-D global hybrid simulations [Lin et al.,
2014; Lu et al., 2015a, 2015b]. As shown in Figures 3c and 3h, the number density in the magnetotail is
1.81 cm�3 = 0.3 nSW (1.4 cm�3 = 0.23 nSW) on the dawnside (duskside), so the ion inertial length in the mag-
netotail is about di= 0.18 RE (di=0.21 RE) on the dawnside (duskside). Therefore, the above current sheet
thicknesses actually correspond to 3.3 di and 1.6 di on the dawnside and duskside, respectively, for realistic
magnetotail parameters. The ion density and temperature are all peaked at the center of the thin current
sheet (see Figures 3b, 3c, 3g, and 3h). On the duskside (dawnside), the ion density is lower (higher) and
temperature is higher (lower). The Bx profiles (see Figures 3d and 3i) also show that the thin current sheet
(larger gradient at the center) is embedded in the thick plasma sheet (smaller gradient in the outer region).
The ambient magnetic field magnitude B0 of the thin current sheet is obtained by integrating jy over
0< z� z0< L, where z0 is the location of the neutral plane. Figures 3e and 3j show that the normal magnetic
field Bz in the thin current sheet is also dawn-dusk asymmetric, much smaller on the duskside. The smaller Bz
on the duskside, along with the thinner current sheet and higher ion temperature there, make more ions
become unmagnetized, further separating the ion motion from the magnetized electron motion, which
results in a stronger Hall effect on the duskside.
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Figures 4–6 show the evolution of the ion perpendicular temperature, Hall electric field, and cross-tail current
density, respectively, to demonstrate how the dawn-dusk asymmetry evolves. From t= 1072 s to 1430 s, the
ion perpendicular temperature, as shown in Figure 4, increases from about 1 keV to about 2.5 keV at �20
RE< x<�10 RE on the duskside (y=6 RE), while it increases much less on the dawnside (y=�6 RE). Ions with
higher temperature have larger duskward gradient/curvature drift velocity; therefore, hotter ions tend to be
transported to the duskside, which leads to the fast increase of Ti⊥ on the duskside. The Hall electric field Ez
also growsmuch faster on the duskside than the dawnside (see Figure 5): at t=1072 s, its magnitude is almost
similar on the dawnside and duskside, about 1.5mV/m, but at t= 1430 s, it is much stronger on the duskside,
indicating a stronger Hall effect there. We suggest that this is related to the higher ion temperature, thinner
current sheet, and smaller Bz there; all of which result in a higher fraction of the ions being unmagnetized and
contributing to the ion motion becoming separated from that of the electrons. The faster growing Hall effect
on the duskside leads to a faster growing cross-tail current density there compared to the dawnside, as
shown in Figure 6.

Figure 3. Profiles of (a and f) cross-tail current density jy (nA/m
2), (b and g) perpendicular temperature Ti⊥ (keV), (c and h)

number density n (cm�3), and magnetic field components (d and i) B0 (nT) and (e and j) Bz (nT) along the z direction
averaged from x =�20 RE to �15 RE. The current density jy is fitted with the embedded current sheet model,
jy = j0sech

2(z/L0) + jsech2(z/L). The blue curve denotes the embedded thin current sheet, the green curve denotes the thick
plasma sheet, and the red curve denotes their sum.
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Figure 7 shows the complete temporal evolution of characteristic parameters of the thin current sheet on the
dawn and dusk flanks. The ion perpendicular temperature Ti⊥ on the dawnside is almost unchanged, from
1.6 keV at t= 785 s to 1.7 keV at t= 1430 s, while Ti⊥ increases more significantly on the duskside, from
1.2 keV at t= 785 s to 2.1 keV at t= 1430 s (see Figure 7a). During the same time, the density shows an oppo-
site trend (see Figure 7b): it increases on the dawnside (from 1.4 cm�3 at t=785 s to 1.7 cm�3 at t= 1430 s)
and decreases on the duskside (from 1.7 cm�3 at t= 785 s to 1.4 cm�3 at t=1430 s). The ion perpendicular
pressure Pi⊥= nTi⊥ increases and is balanced between the dawnside and duskside (see Figure 7c), suggesting

Figure 5. Hall electric field Ez (mV/m) at (a and d) t = 1072 s, (b and e) 1251 s, and (c and f) 1430 s in the dawnside (y =�6 RE)
and duskside (y = 6 RE) (x, z) planes.

Figure 4. Ion perpendicular temperature Ti⊥ (keV) at (a andd) t = 1072 s, (b ande) 1251 s, and (c and f) 1430 s in thedawnside
(y =�6 RE) and duskside (y = 6 RE) (x, z) planes.
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that the lobe magnetic field BL≈ (2μ0pi ⊥)
1/2 is dawn-dusk symmetric. Therefore, the total cross-tail linear

current density σy= ∫jydz=μ0BL is dawn-dusk symmetric, although jy is asymmetrically distributed across
the plasma sheet-current sheet, having a stronger peak within the embedded ion-scale, thin current sheet
on the duskside.

The magnetic flux is frozen-in with the magnetized plasma and also transported from the duskside to the
dawnside by the E× B drift, which causes a smaller Bz on the duskside. Therefore, although at an earlier time,
t=785 s, the normal magnetic field Bzmagnitude is almost symmetric on the dawnside and duskside, as time

Figure 7. Evolution of (a) ion perpendicular temperature Ti⊥ (keV), (b) number density n (cm�3), (c) ion perpendicular
pressure Pi⊥ (nPa), (d) normal magnetic field Bz (nT) in the current sheet, (e) current sheet half-thickness L (RE), and (f) Hall
electric field magnitude Ez (mV/m) on the dawnside (y =�6 RE) and duskside (y = 6 RE) averaged from x =�20 RE to�15 RE.

Figure 6. Cross-tail current density jy (nA/m
2) at (a and d) t = 1072 s, (b and e) 1251 s, and (c and f) 1430 s in the dawnside

(y =�6 RE) and duskside (y = 6 RE) (x, z) planes.
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goes on the E× B drift grows stronger, and the asymmetry of Bz intensifies (see Figure 7d). Next, we examine if
the Bz asymmetry can be caused by the dawnward transportation of E× B drift: the transported normal mag-
netic flux per meter in the x direction from dusk to dawn by E× B drift is ΔΦ= BzVE × BΔt. From t= 785 s to
1430 s, Bz≈ 2 nT, VE × B≈ 100 km/s, and Δt= 645 s, so ΔΦ≈ 0.129Wb/m. The dawn-dusk difference of the
normal magnetic flux per meter in the x direction is ΔΦ* =ΔBzLy, where ΔBz is the Bz difference between
the dawnside and duskside, and Ly≈ 15 RE≈ 9.5 × 107m is the length of the magnetotail dawn (dusk) flank.
At t= 1430 s, ΔBz= 1.85 nT–0.43 nT= 1.42 nT, so we have ΔΦ*≈ 0.135Wb/m. We thus get ΔΦ≈ΔΦ*, which
supports the idea that the dawn-dusk difference of the normal magnetic flux is caused by the transportation
of flux by the E× B drift. The duskside current sheet with having plasma and magnetic flux is more easily to
undergo further thinning than the dawnside. Therefore, the current sheet is also thinner on the duskside
(see Figure 7e). The above asymmetric evolution of the thin current sheet is likely controlled by the different
motions of a significant thermal/suprathermal portion of the ions that is unmagnetized compared to the
magnetized cold ions and electrons. This behavior is the origin of theHall effect as indicated by theHall electric
field Ez. As shown in Figure 7f, Ez is stronger and grows faster on the duskside compared to the dawnside.

The strength of the Hall effect, or the fraction of the unmagnetized and magnetized ions, is in turn
determined by current sheet properties like ion temperature, current sheet thickness L, and normal magnetic
field Bz. Our previous estimation of αi (the fraction of the magnetized ions) based on Figure 2 and equation (2)
roughly shows that more ions are unmagnetized on the duskside, whichmeans that the Hall effect is stronger
on the duskside. Here we further prove this using the ionsˈ κ parameters [see, e.g., Büchner and Zelenyi, 1989].
In the thin current sheet, each ion has a κ parameter, defined as the square root of the magnetic fieldˈs
curvature radius divided by the ionˈs Larmor radius (both calculated in the neutral plane, Bx=0),

κ ¼ Bz
B0

ffiffiffiffiffi
L
ρ0

s
; (4)

where Bz is the normal magnetic field in the thin current sheet, B0 is the ambient magnetic field of the

thin current sheet, L is the current sheet half-thickness, and ρ0 is the ionˈs Larmor radius (ρ0 ¼
ffiffiffiffiffiffiffiffiffi
2E=mi

p
Ω0

and

Ω0 ¼ eB0
mi
). Note that the κ parameter is controlled by the ion energy (through ρ0), current sheet thickness L,

and Bz magnitude. Particles are totally magnetized when their magnetic moments are well conserved, which
is satisfied for the particles with κ> 2 [Birmingham, 1984]. Ions with κ~1 have very chaotic trajectories
[Büchner and Zelenyi, 1986; Delcourt and Belmont, 1998]. Separation of the magnetized electron motion
and the chaotic ion motion results in the generation of the Hall electric field, but the chaotic ions being
trapped within the current sheet are drifting in this electric field and cannot participate in current density

Figure 8. Distribution function of parameter κ at (a) t = 785 s, (b) 1000 s, (c) 1215 s, and (d) 1430 s on the dawnside
(at (x, y, z) = (�19, �6, 0) RE) and duskside (at (x, y, z) = (�19, 6, 0) RE). The distribution function satisfies ∫f(κ)dκ = 1.
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generation (do not contribute to the
αi decrease). Only ions with κ< 0.1–
0.2 move along transient trajectories
[Büchner and Zelenyi, 1989; Burkhart
et al., 1992], which are not closed
within current sheet where the Hall
electric field is localized. This (transi-
ent) ion population does not execute
the E× B drift and is thus responsible
for the αi decrease. Therefore, the κ
parameter determines whether an
ion is fully magnetized (or chaotic)
or unmagnetized (transient) by
choosing a critical κ value, κc. If κ< κc,
the ion is unmagnetized; otherwise, it
is magnetized.

Figure 8 shows the distribution func-
tion of the ions expressed in units of
κ on the dawnside and duskside at
different times. At earlier times, for

example at t= 785 s, the dawn-dusk asymmetry (of Ti⊥, L, and Bz) in the thin current sheet is weak, so the dif-
ference between f (κ) on the dawnside and duskside is small, with κ predominately distributed around 0.3 on
the dawnside and 0.25 on the duskside. At later times when the asymmetry of the current sheet properties
becomes larger, the distributions on the dawnside and duskside are well distinguished. For example, at
t=1430 s, f (κ) is peaked at about 0.15 on the dawnside and 0.025 on the duskside, which proves that more
ions are unmagnetized (transient) on the duskside because of their smaller κ. Overall, κ decreases because of
the thinning and stretching of the thin current sheet.

Figure 9 shows the evolution of the fraction of themagnetized (nontransient) ions (with κ> κc) αi=N(κ> κc)/N
whenκc=0.1–0.2 (agoodcriticalκvaluetoseparatethemagnetized/nontransientandunmagnetized/transient
ions [Büchner and Zelenyi, 1989; Burkhart et al., 1992]). Note that the result is sensitive to the choice of κc, but no
matterwhichκcwechoose, thefractionof themagnetized ionsαi is alwayssmallerontheduskside,whichmeans
that more ions are unmagnetized on the duskside than the dawnside. For example, as shown in Figure 9, if
κc= 0.15, at t= 1430 s, αi≈ 0 on the duskside and about αi≈ 0.4 on the dawnside, which means that there is
no any significant transient ion population on the duskside (only magnetized and chaotic ions trapped within
the current sheet) and about 60% of the ions are magnetized (or moving along chaotic trajectories) on the
dawnside. The result is consistent with our previous estimation based on equation (2). From t= 785 s to
1430 s, the decrease of αi shows that more and more ions become unmagnetized during the
thinning/stretchingof the thin current sheet, especially on theduskside,which leads to a stronger and stronger
Hall effect there.

4. Summary and Discussion

In summary, we investigated Hall effect control of dawn-dusk asymmetry in the magnetotail thin current
sheet using a 3-D global hybrid simulation model under the southward IMF. The main results are given
below.

1. Throughmagnetospheric global convection, the magnetotail current sheet thins and reaches the order of
ion kinetic scale (ion inertial length or ion gyroradius).

2. In the thin current sheet, electrons are magnetized. Ions are categorized into two classes, unmagnetized
and magnetized. The unmagnetized ions are decoupled from the electrons (the Hall effect), which forms
a bipolar Hall electric field Ez directed toward the neutral plane.

3. The unmagnetized ions (contribute to the duskward diamagnetic drift) cannot comove with the
magnetized dawnward Ez× Bx drifting electrons; therefore, a pronounced additional cross-tail current
density jy (in addition to the diamagnetic current) is formed.

Figure 9. Evolution of αi, the fraction of the magnetized ions when κc = 0.1–
0.2 on the dawnside (at (x, y, z) = (�19, �6, 0) RE) and duskside (at (x, y, z)
= (�19, 6, 0) RE). The upper, middle, and lower curves correspond to the
κc = 0.1, 0.15, and 0.2, respectively.
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4. More ions are unmagnetized (stronger Hall effect) on the duskside, generating a larger Hall electric field Ez
and a larger cross-tail current density jy there.

5. In the magnetotail thin current sheet, the normal magnetic field Bz is smaller, the current sheet is thinner,
the ion perpendicular temperature is higher, and the density is lower on the duskside. On the other hand,
the ion perpendicular pressure in the thin current sheet and thus the lobe magnetic field and total cross
tail current are balanced between the dawnside and duskside.

6. We suggest the above asymmetric properties are controlled by two competing processes that correspond
to the Hall effect: (1) the dawnward E× B drift of the magnetic flux andmagnetized ions and electrons and
(2) the transient motion of the unmagnetized ions which do not execute E× B drift.

7. Analysis based on the ionsˈ κ parameters shows that the asymmetry of the Hall effect (indicated by smaller
αi and stronger Ez and jy) on the duskside, in turn, is determined by the asymmetry of the current sheet
properties. The higher ion perpendicular temperature Ti⊥, smaller current sheet thickness L, and smaller
Bz on the duskside determine the stronger Hall effect there.

The idea that the Hall effect controls the magnetotail dawn-dusk asymmetry was first proposed by Lin et al.
[2014], who attributed the asymmetry to a dawnward ion E× B drift motion in the Hall electric field, resulting
in a dawn-dusk asymmetry of the plasma sheet density (higher on the dawnside and lower on the duskside). In
this paper, we further investigated the Hall effect in the magnetotail thin current sheet and the role it plays in
generation of the dawn-dusk asymmetry. We found that a fraction of the ions are unmagnetized, contribut-
ing to the Hall effect but do not execute E× B drift, while other ions are magnetized, which do not contribute
to the Hall effect but drift from dusk to dawn by the E× B drift. Our analysis based on the ionsˈ κ parameters
showed that because the ion perpendicular temperature is higher, the current sheet is thinner, and Bz is smal-
ler on the duskside, more ions are unmagnetized, leading to a stronger Hall effect and thus a larger cross-tail
current density.

The dawn-dusk asymmetric properties of the magnetotail current sheet obtained in our hybrid simulation: (1)
larger cross-tail current density jy on the duskside, (2) lower density on the duskside, (3) higher ion perpen-
dicular temperature, (4) smaller Bz on the duskside, and (5) thinner current sheet on the duskside, contribute
to cause magnetic reconnection and related phenomena to preferentially occur on the duskside. These
asymmetric properties of the magnetotail current sheet have been observed by spacecraft and are consistent
with our simulation results. For example, using statistics of 70 thin current sheet crossings in the near tail by
the Cluster spacecraft, Artemyev et al. [2011] found that on the duskside the cross-tail density is larger, the
current sheet is thinner, and Bz is smaller. More recently, Vasko et al. [2015] performed Geotail crossing statis-
tics and found similar dawn-dusk asymmetric thin current sheet properties in the distant tail, which showed
that the dawn-dusk asymmetry is ubiquitous in the magnetotail. The ion temperature and density asymme-
tries were also observed by Geotail [Wang et al., 2006; Guild et al., 2008] and TwoWide-angle Imaging Neutral-
atom Spectrometers [Keesee et al., 2011], and showed that the ion temperature is higher on the duskside and
the ion density is higher on the dawnside, which gives a pressure balance between the dawn and dusk flanks.
We further discussed how these asymmetric current sheet properties are formed: the unmagnetized ions
(usually have a higher average energy) are drifted duskward via the ion gradient/curvature drift, so that
the ion temperature on the duskside is higher than that on the dawnside. On the other hand, the magnetized
ions along with the electrons (almost all magnetized) and magnetic flux are transported from dusk to dawn
by the E× B drift, which may be the reason for the lower density and a smaller Bz on the duskside than on the
dawnside. At the same time, the duskside current sheet with less plasma and magnetic flux is more easily to
get further thinning than the dawnside. Therefore, the current sheet is also thinner on the duskside. Although
we attribute the density asymmetry to the dawnward transportation of the magnetized particles by the E× B
drift, the reality is more complicated because the E× B drift moves the magnetized ions and electrons from
dusk to dawn but leaves the unmagnetized ions behind, which is suppose to generate a charge separation.
However, the system will try to maintain quasi-neutrality either by dissipating the redundant electrons on the
dawnside through magnetic field lines to the ionosphere or (2) by generating an electrostatic field to move
more ions (or less electrons) from the duskside to the dawnside. The dawn-dusk pressure balance can also
dictate the ion density distribution given the influx of hot ions through dawn-dusk convection. A better
modeling of the electrons and the ionosphere and further investigations, considering the different time
scales of these processes, are needed in the future to get a more thorough understanding of the dawn-dusk
plasma transportation and how the quasi-neutrality is obtained.
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The Hall effect has been thoroughly studied in the context of magnetic reconnection [e.g., Shay et al., 1998;
Birn et al., 2001; Nagai et al., 2001]. The Hall effect in the thin current sheet (before reconnection) discussed in
this paper is similar to the Hall effect in reconnection layer but does not require reconnection to separate ions
and electrons. Rather, the thinness of the current sheet is sufficient to result in a large enough Hall electric
field to impart global changes to the plasma sheet. The thin current sheetˈs thickness is about several ion

inertial lengths, while the thickness of the reconnection layer is λez ¼ 2meTe
e2 ∂Bx=∂zð Þ2
h i1=4

[e.g., Biskamp and

Schindler, 1971; Hesse et al., 1999], even thinner than the thin current sheet. As a result, in the reconnection
layer, almost all the ions are unmagnetized and nearly all the cross-tail current is carried by the electrons
[Fujimoto, 2006]; therefore, the reconnection layer is usually called electron diffusion region or electron cur-
rent sheet. Our simulation showed that in the thinner duskside current sheet, the Hall effect is stronger than
on the dawnside with the Hall electric field about 4mV/m (on the dawnside the Hall effect is weaker and the
Hall electric field is about 2mV/m). In the even thinner electron current sheet during reconnection, the Hall
effect is much stronger than that in the thin current sheet, and the Hall electric field is about 25mV/m during
magnetotail reconnection [e.g., Borg et al., 2005; Eastwood et al., 2010]. The Hall electric field is formed by the
electron-ion charge separation and balanced by the Hall term in the generalized Ohmˈs law. Therefore, the
Hall electric field is the electrostatic electric field due to the fact that the electron-dominated current sheet
is charged [Yoon and Lui, 2004]. The Hall electric field Ez in the thin current sheet has been simulated with
hybrid [e.g., Hesse et al., 1998] and full particle [Pritchett and Coroniti, 1994, 1995; Pritchett et al., 1996] simula-
tions. Nevertheless, the dawn-dusk asymmetry of Ez cannot be explored easily with these local simulations.

Previous global MHD simulations suggested that the magnetotail dawn-dusk asymmetry is caused by the
spatially nonuniform ionospheric conductance, which controls magnetosphere-ionosphere interactions
[Lotko et al., 2014]. In our global hybrid simulation, where the ionospheric conductance was uniform, the
dawn-dusk asymmetry was found to be due to the Hall effect and the resultant E× B drift in the ion
kinetic-scale thin current sheet. At the same time, our simulation showed that the magnetotail is globally
symmetric (indicated by the symmetric lobe magnetic field BL and the total linear cross-tail current density
σy), which may be because of the uniform ionospheric conductance. This situation in our simulation, globally
symmetric and locally asymmetric, suggests that the magnetotail asymmetry in our simulation is not
originated from the external effects (e.g., global convection and ionosphere-magnetosphere interaction)
but controlled by the magnetotail intrinsic evolution during the substorm growth-phase-type process. For
a more thorough understanding of the physical origin of the dawn-dusk asymmetry, in the future, a nonuni-
form ionospheric conductance will be imposed into our global hybrid model to investigate how the two
effects, ionosphere-magnetosphere interaction and Hall effect, control the magnetotail asymmetry in both
global and local scales. On the other hand, electron kinetic effects are also important in the magnetotail thin
current sheet [e.g., Artemyev et al., 2016]; a large-scale 3-D particle-in-cell simulation model is needed to fully
investigate this scenario with kinetic ions and electrons.
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