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Abstract Taking advantage of high-resolution measurements from theMMSmission, we find evidence for
a complete Hall system in the exhaust of asymmetric magnetic reconnection 40 Di downstream of the X line.
The investigation of the fine structure of the Hall system reveals that it displays features in the exhaust similar
to those reported previously in the ion diffusion region by simulations and observations. This finding
confirms the importance of particle-scale processes in the reconnection exhaust as well. On the
magnetospheric side of the exhaust, electrons are strongly accelerated by parallel electric fields. This process
significantly contributes to feed the Hall current system, resulting in a nonnegligible Hall magnetic field
signature on this side despite an otherwise lower density. Calculation of the induced out-of-plane magnetic
field by in-plane currents (based on Biot-Savart law) provides direct quantitative evidence for the process of
Hall magnetic field generation by the Hall current system. A strong normal Hall electric field is present only on
the magnetospheric side of the exhaust region, consistent with previous works. Multipoint data analysis
shows that the ion pressure gradient in the ion momentum equation produces this Hall electric field. This
global pattern of the Hall system can be explained by kinetic Alfvén wave theory.

1. Introduction

Collisionless magnetic reconnection is characterized by a Hall system, which is typically confined to the ion
diffusion region [Sonnerup, 1979]. The existence of this Hall system has major implications with regard to
the reconnection process and associated particle dynamics in the diffusion region [Mandt et al., 1994; Shay
et al., 2001; Wang et al., 2001; Xiao et al., 2007; Deng and Matsumoto, 2001]. The Hall magnetic fields are
induced by Hall currents as a result of the decoupling of ions and electrons.

Under symmetric conditions, Hall magnetic fields display a quadrupole structure out of the magnetic recon-
nection plane, while associated electric fields in the reconnection plane display a bipolar structure directed
toward the midplane [Birn et al., 2001; Mozer et al., 2002; Borg et al., 2005; Wygant et al., 2005; Sonnerup
et al., 2016]. In nature, the conditions for reconnection are often highly asymmetric, however, such as at
the dayside magnetopause [Phan and Paschmann, 1996]. The asymmetric conditions substantially alter the
basic properties of reconnection [Øieroset et al., 2004; Cassak and Shay, 2007, 2008] and the structure of
the Hall system [Mozer et al., 2008a; Pritchett, 2008]. In simulations, the Hall magnetic field is only observed
on the high-density side of the current sheet (magnetosheath side at the dayside magnetopause)
[Pritchett, 2008;Malakit et al., 2010]. An intuitive explanation for the asymmetry of Hall magnetic fields is that
high density on the magnetosheath side provides abundant carriers for Hall currents [Eastwood et al., 2013].
The simulation of Prichett et al. [2008] also found that an electric field directed toward the midplane was only
present on the magnetospheric side. This feature has been verified by observations from reconnection obser-
vations at the dayside magnetopause [Mozer et al., 2008a, 2008b]. Although this electric field (usually called
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the Hall electric field) was found to be balanced by the Hall term in the generalized Ohm’s law [Khotyaintsev,
et al., 2006; Mozer et al., 2008a], the mechanism behind the generation of this electric field has been the
subject of many recent studies. Theory first explained this electric field for the nonreconnecting
magnetopause in terms of finite Larmor radius effect [Cowley, 1995]. Recent observational results also
support this point [Aunai et al., 2011; Dai et al., 2015; Torbert et al., 2016; Wang et al., 2016]. Although most

Figure 1. MMS 2 plasma and field observations of the reconnection event on 13 December 2015 in LMN coordinates. In GSE coordinates, L = (0.31, �0.22, 0.93),
M = (0.44, �0.83, �0.34), and N = (0.84, 0.51, �0.16). (a) The three components of the magnetic field, (b) ion and electron densities, (c) the ion parallel and
perpendicular temperatures, (d) the three components of ion velocity, (e) the ion Alfvén speed, (f) the electron Alfvénic Mach number, and (g–i) the L, M, and N
components of the perpendicular electric field E⊥, parallel electric field E∥,�(Ve × B), and �(Vi × B), respectively. The exhaust region R2 is shaded grey, with three
subregions (R21–R23) as discussed in the text. Regions R1 and R3 are intervals representative of the magnetosheath and magnetosphere, respectively.
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investigations of the Hall physics has been performed in the ion diffusion region, it was found that the Hall
effect may also persist beyond the diffusion region in the magnetotail [Fujimoto et al., 1997; Nagai et al.,
2001; Øieroset et al., 2004; Manapat et al., 2006] and solar wind [Mistry et al., 2017]. Recently, the decoupling
of ions and electrons was also observed in the reconnection exhaust at the dayside magnetopause [Phan
et al., 2016a]. These studies thus suggest that the Hall physics also plays a role in the dynamics of the
reconnection exhaust.

The four NASA MMS [Burch et al., 2015] spacecraft were launched together on 12 March 2015 on an Atlas V
launch vehicle into a highly elliptical 28° inclination orbit with perigee at 1.2 Earth radii (RE) and apogee at
12 RE. In this study, we investigate the Hall system (magnetic fields, electric fields, and currents system) in
an asymmetric reconnection event observed by the MMS satellites at the dayside magnetopause. We primar-
ily focus on ion and electron measurements from the Fast Plasma Instruments [Pollock et al., 2016], magnetic
field measurements from the fluxgate magnetometers [Russell et al., 2015] and electric field measurements
from the Axial Double Probes and Spin-plane Double Probes [Torbert et al., 2014]. These unprecedented
high-resolution measurements make it possible to analyze the fine structure of the Hall system. The analysis
demonstrates new features of the Hall system in the exhaust of magnetic reconnection. These may be
explained bymeans of kinetic Alfvén wave (KAW) theory, similar to the Hall physics in the ion diffusion region.
Also, owing to the lack of appropriate observations before MMS, there have, so far, been no direct and quan-
titative study demonstrating that measured Hall magnetic fields are induced by measured Hall currents. Here
we use a method based on Biot-Savart’s law to quantitatively demonstrate this relationship. Observations of
reconnection and its background conditions from MMS observation are presented in section 2. We then pro-
vide a detailed multispacecraft analysis of the Hall system and discuss its implications in section 3.
Discussions and summary are provided in section 4.

2. Reconnection Observations: Overview

Figure 1 displays the observations from the MMS 2 satellite during 10:31:15 UT–10:31:30 UT on 13 December
2015 in the local LMN coordinates [Sonnerup and Scheible, 1998] of the magnetopause. The separation
between the four spacecraft was ~10 km, so observations from all four spacecraft show similar overall beha-
viors. Only the data from MMS 2 are used, unless otherwise mentioned such as for the analyses based on
multiple-point observations. In Figure 1, depending on the different features of the measured plasma, the
observations are separated into three main distinct regions using white and grey colors. Region R1, in white
with the first horizon black bar, marks the magnetosheath region, which has a southward magnetic field
(Figure 1a), high plasma density (Figure 1b), and ion temperature anisotropy with Ti⊥> Ti∥ (Figure 1c).
Region R3, in white with the second horizon black bar, marks the magnetosphere, which has a northward
magnetic field and low plasma density. The plasma flows in R1 and R3 are very slow with the speed of about
tens of km/s along the �L direction (Figure 1d). Region R2, in grey, marks the reconnection region, in which
magnetic fields display more fluctuation than in R1 and R3 and reconnection jets are present with a peak
value at ~142 km/s (Figure 1d). The reconnection region R2 has a duration of ~10 s. The reconnection jet is
aligned with the +L (northward) direction. Therefore, the MMS satellite crosses the northern branch of the
reconnection region from the magnetosheath to the magnetosphere. This is shown with the red spacecraft
trajectory in Figure 2. While the magnetosheath is typically flowing at VL ~ �80 km/s, the reconnection jet
reaches near 222 km/s. This is about 90% of the Alfvén speed (~250 km/s based on the magnitude of BL com-
ponent) (Figure 1e) in the magnetosheath.

Comparison of the measured perpendicular electric field E⊥, E∥,�(Ve × B), and �(Vi × B) in Figures 1g–1i
shows a good correlation between E⊥ and �(Ve × B), but a poor correlation between E⊥ and �(Vi × B).
The electrons are frozen-in, but ions are not. Recently, this has been observed with MMS in the exhaust
region [Phan et al., 2016a] and in small flux ropes [Eastwood et al., 2016]. So one should not identify this
as the ion diffusion region around the X line, but only as a region where the ions are not frozen-in inside
the exhaust.

We apply four spacecraft timing analysis [Russell et al., 1983; Schwartz, 1998] to the crossing of this reconnec-
tion region. Based on the BL reversal, the normal direction of the magnetopause is determined along [0.85,
0.50,�0.17] in GSE and the normal speed is +65 km/s. Considering a crossing time of about 10 s, the reconnec-
tion region is estimated to have a thickness of 650 km, or 8.0 times the ion inertial lengthDi. If the reconnection

Journal of Geophysical Research: Space Physics 10.1002/2016JA023620

ZHANG ET AL. HALL SYSTEM IN ASYMMETRIC EXHAUST 5279



region aspect ratio (of the width to the
thickness of the reconnection region) is
assumed to be 10 [Zenitani et al., 2011], the
MMS distance from the X line is 40Di, which
is beyond typical diffusion region extents.

Simulation results show that in the
midplane of the diffusion region the elec-
tron velocity can reach electron Alfvén
speed [Karimabadi et al., 2007] and is
super-Alfvénic [Fujimoto and Takamoto,
2016] based on conditions upstream of the
reconnection region, while outside the dif-
fusion region electrons slow down to ion
Alfvén speed [Karimabadi et al., 2007;
Fujimoto and Takamoto, 2016]. This signa-
ture was verified in previous observations
[Nagai et al., 2013]. Figure 1f displays the
electron Alfvénic Mach number (Ve/VAi -
sheath, VAi - sheath is the ion Alfvén speed in
the upsteam magnetosheath). In the mid-
plane indicated by the horizontal black bar
in Figure 1f, the electron Alfvénic Mach
number only reaches the values of about 1,
showing that electrons are Alfvénic.

Therefore, the Alfvénic nature of the elec-
tron flows in the midplane, the agreement
between the observed ion jet and the
Alfvén speed, and the estimation of the dis-
tance to the X line all indicate that Region 2
(grey) in Figure 1 is the exhaust of this
reconnection event [Paschmann et al.,
1979]. To evaluate the background condi-
tions on either side of this reconnection

exhaust, average parameters from the regions marked by horizontal black bars at the top of Figure 1 are con-
sidered representative of the magnetosheath and magnetospheric plasmas, respectively. Only the tangential
components [L, M] are taken into account for the evaluation of the background plasma conditions because
they are the components involved in the reconnection process [e.g., Cassak and Shay, 2007]. The plasma con-
ditions for this reconnection event can be summarized as follows.

On the magnetosheath side,

B1 ¼ B1L; B1M½ � ¼ �29:98±1:12;�0:11±0:72½ � nT; n1 ¼ 9:33±1:32 cm�3;

and on the magnetospheric side,

B3 ¼ B3L; B3M½ � ¼ 41:94±0:71;�1:52±0:31½ � nT; n3 ¼ 1:25±0:10 cm�3:

The errors given are the standard deviations from the average in each background condition interval. The
asymmetry is rather weak in magnetic field magnitude with |B3|/|B1| = 1.38 ± 0.13 but high in plasma density
with n1/n3 = 7.46 ± 1.24. The magnetic shear angle (θ°) is 160.1° ± 4.7°, as calculated by θ° = acos(B1 �B3). A
shear angle of 160° corresponds to a guide field of approximately 18% of the reconnecting fields, i.e., the
guide field in this case is ~�6 nT or so. Simulations and laboratory experiments show that such a guide field
produces noticeable changes in the reconnection features compared to cases without guide field
[Karimabadi et al., 2005; Swisdak et al., 2005; Tharp et al., 2012]. Observations and modeling have shown, in
particular, that the presence of a guide field significantly distorts the topology of the Hall system in the diffu-
sion region [Mozer et al., 2008a; Pritchett, 2008; Eastwood et al., 2010].

Figure 2. Sketch depicting asymmetric reconnection and its asso-
ciated Hall system, with the local coordinates [L, M, N] superimposed
on the right. The grey shaded area indicates the ion diffusion region.
The magnetosheath is to the left and the magnetosphere to the right.
Solid black curves indicate magnetic field lines, and solid green curves
indicate the Hall current system. Dashed black lines indicate the
separatrices which intersect at the X line. The purple lines with arrows
indicate the electric field in the normal (N) direction. The blue lines
with arrows indicate the electron and ion flows, roughly in the L
direction, respectively. The red line with an arrow indicates the MMS
trajectory across the exhaust, outside the ion diffusion region.
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3. Analysis of the Hall System
3.1. Asymmetric Hall Magnetic Fields

In the exhaust region (R2), at 10:31:23.2 UT, BL changes from negative to positive, and BM almost simulta-
neously changes from positive to negative (Figure 1a). BN, however, maintains a negative direction at this
time, which is consistent with the scenario of open magnetic fields on the northern side of the X line
(Figure 2). A notable feature in the exhaust region is the variation of BM. The BM polarity is consistent with
the Hall magnetic fields expected in the diffusion region northward of the X line (Figure 2) for the given cross-
ing. A Hall magnetic field signature is clearly present on both sides of the exhaust region in this crossing. It
should be noted that a dip in BM is present at 10:21:07 UT, on the magnetosheath side of the exhaust
(Figures 1a and 3a). On the magnetosheath side, the Hall magnetic field thus shows two main positive peaks.
On the magnetosphere side, the Hall magnetic field BM has only one negative peak. The three peaks in BM are
marked by three separate dashed lines at 10:31:20.4 UT, 10:31:22.8 UT, and 10:31:24.7 UT. To facilitate the fol-
lowing analysis the exhaust region is divided into three subregions, labeled R21, R22, and R23, each with dif-
ferent intensities of grey, and every one of which covers one of the unipolar BM variations (associated with the
three BM peaks). R22 and R23 are adjacent to the BL turning from the magnetosheath to the magnetosphere
side. Region R21 is sunward of R22. To test whether the BM peak in R21 is simply a partial crossing back into
the BM peak in R22 due to a back and forth motion of the Hall region, four spacecraft timing analysis [Russell
et al., 1983; Schwartz, 1998] is applied to the signatures of the three BM peaks separately. The results show that
first BM peak is moving with the velocity of [66.05, 6.33, �12.74] km/s in GSE. The velocity for other two BM
peaks are consistently found as [65.13, 11.56, �12.39] km/s and [66.67, 12.16, �10.78] km/s in GSE, respec-
tively. These magnetic structures always maintain an outward motion away from the Earth. This indicates that
the BM peaks in R21 and R22 are separate spatial magnetic structures.

As mentioned before, the guide field is ~�6 nT in this case. We set �6 nT as a baseline to evaluate the mag-
nitude of Hall magnetic fields [Øieroset et al., 2001, 2004]. As shown in Figure 3a, relative to the baseline on the
magnetosheath side the positive Hall fields have a peak value of +15.2 nT (the second vertical dash line), while
on themagnetosphere side the negative Hall field has a peak value of�5.1 nT (third vertical dashed line). Such
asymmetric Hall magnetic fields have been observed in the diffusion region of asymmetric reconnection in
past works (observations and simulations). A prominent Hall magnetic field signature is only expected on
the magnetosheath side of the diffusion region [Mozer et al., 2008a; Malakit et al., 2010; Phan et al., 2016b].
How such asymmetric Hall magnetic fields are generated in the exhaust will be explained in next section.

Here it should be noted that the determination of the LMN coordinate system is important for the estimation
of BM. Because we aim to investigate the magnetic field structure in the entire exhaust region, the time
interval used for minimum variance analysis of B (MVAB) analysis must comprise the entire exhaust region

Figure 3. MMS observations of the Hall current and magnetic field system. (a) BM averaged over the results from 78 MVAB
analyses with the estimated BM from Biot-Savart’s law superimposed, (b) the three components of the current density from
particle measurements, and (c) ion and electron velocity component in L direction. The exhaust region is shaded grey.
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(grey color between 10:31:17 UT and 10:31:27 UT in Figure 1). We performed 78MVAB analyses by shifting the
start time between 10:31:12 UT and 10:31:17 UT and the end time between 10:31:28 UT and 10:31:40 UT. The
black curve in Figure 3a shows the BM time series averaged over the 78 BM series resulting from the 78 differ-
ent LMN coordinates. The error bars indicate the standard deviation from the average over the 78 analyses.
The ratio of the Hall magnetic field peak on the magnetosheath side to that on the magnetosphere side is 3.0
(relative to guide field). The maximum ratio is 3.7 and the minimum ratio is 2.5. The Hall magnetic field is thus
much larger on the magnetosheath side, as expected. The choice of the interval for minimum variance
analysis changes this ratio by ~23% at most, so this choice does not affect the asymmetric nature of the
Hall magnetic field (BM) component. The time interval 10:31:15 UT–20:31:30 UT is selected for the MVAB
analysis and LMN coordinates used in the remainder of this paper (with eigenvalue ratios of λ1/λ2 = 28.5
and λ2/λ3 = 10.2) [Sonnerup and Scheible, 1998].

3.2. Hall Current System

The definition of Hall magnetic fields is that they are induced by a Hall current that results from the decou-
pling of ions and electrons in the ion diffusion region (although as said previously they have been observed
to extend outside the ion diffusion region). Only Hall currents transverse to the magnetic field contribute to
the Hall term (J × B/nq) in the generalized Ohm’s law. However, as shown in the following analysis, the
observed reconnection-induced currents have strong field-aligned components as well, so we refer to the
ensemble of these currents as the Hall current system instead of just “Hall currents” [Sonnerup, 1979;
Alexeev et al., 2005]. In this section, we investigate the currents adjacent to the observed Hall magnetic fields
and the particle decoupling process in relation to the currents. High-resolution MMS data make it possible to
calculate the current density directly from the definition of J = q(niVi-neVe), using single-point particle mea-
surements [e.g., Burch et al., 2016; Lavraud et al., 2016]. The resulting currents are shown in Figure 3b. The in-
plane JL is the major component responsible for inducing the out-of-plane BM magnetic field. In region R22,
the JL direction is first positive and changes to negative at the peak of BM. JLmaintains a negative direction in
the midplane region across R22 and R23. In region R23, the JL direction changes back to positive at the nega-
tive peak of BM (third dashed line). The direction of JL thus indicates that the current is flowing around the Hall
magnetic field. JL experiences a nearly symmetric V-type variation with a peak value of 400 nA/m2 in the
positive direction and�400 nA/m2 in the negative direction. So it is reasonable to say that JL is themain com-
ponent that contributes to the Hall current system inducing the Hall magnetic field. The positive JL corre-
sponds to Hall currents flowing away from the X line on the magnetosheath and magnetosphere side,
while the negative JL corresponds to Hall currents flowing toward the X line along the magnetopause in
the midplane region. These currents are illustrated in Figure 2.

To quantitatively verify this hypothesis, the out-of-plane magnetic fields BM induced by in-plane currents are
estimated using a method that directly employs the Biot-Savart law:

B rð Þ ¼ μ0

4π
∫
V

J Vð Þ�r
r3

dV; (1)

where B(r) is the magnetic field at position r relative to the source current J in the spacial volume V (V is
the volume containing the current J). For the calculation of BM at position (l0,m0,n0) equation (1) can be
written as follows:

BM l0;m0; n0ð Þ ¼ μ0

4π
∫
l
∫
m
∫
n

JN l � l0ð Þ � JL n� n0ð Þð Þ
r3

dldmdn; (2)

where l, m, and n denote the position in the LMN coordinates and r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l � l0ð Þ2 þ m�m0ð Þ2 þ n� n0ð Þ2

q
.

In our estimation, only the term JL of the current density is considered, because the transverse crossing of
MMS, i.e., normal to the magnetopause (Figure 3b), only permits to sample the JL distribution along N
while not the JN distribution along L. The contribution of the term with JN should be small, in any case,
as the intensity of JN is much lower than that of JL (Figure 3b). JL is assumed to be steady and evenly
distributed in the L and M directions. As we do not know the dimensions of the JL distribution in the L
and M directions, the integration domain in equation (2) is assumed to be infinity in both directions. In
Biot-Savart law (equation (1)), the magnetic field magnitude cubic decrease with distance to the current
source means that remote currents have an insignificant contribution to the magnetic field. The dimen-
sion in the N direction is calculated using n= tVn, where t is the spacecraft crossing duration through
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the Hall current region and Vn is the normal speed of the Hall structure relative to the spacecraft as esti-
mated through four spacecraft timing analysis.

The estimated out-of-plane magnetic field is displayed with a red dotted curve in Figure 3a. It fits very well
the measured BM throughout the exhaust except near the edge with the magnetosheath. This calculation
of the Hall magnetic field based on Biot-Savart law provides direct quantitative evidence for the process of
Hall magnetic field generation by the Hall current system. The analysis also shows that JL is first positive
and then changes to negative at the peak of BM in both regions R21 and R22 (shaded areas in Figure 3). All
four MMS spacecraft observed this feature (not shown here). Since we have shown that these features are
spatial rather than temporal in nature, these results support the idea that the Hall current system on the mag-
netosheath side comprises two Hall-type current systems (where BM is induced by the surrounding currents
that change direction from north to south).

The Hall currents can also be studied directly from the particles behavior. According to the definition of cur-
rent density, J = q(niVi� neVe), particle density and velocity are responsible for the final J. Since ni ≈ ne
(Figure 1b), the current density is determined by the plasma density n and the ion-electron velocity difference
Vi � Ve. Throughout the Hall regions R22 and R23, the decoupling of ions and electrons is clearly observed
(Figures 1g–1i). Figure 3c displays the L components of the ion and electron velocities. In themidplane, across
the magnetopause between the second and third dashed vertical lines in Figure 3, the positive electron velo-
city is larger than the positive ion velocity, so that it produces strong currents in the �L direction. In region
R22 before the second vertical dashed line, and in region R23 after the third vertical dashed line, the ion velo-
city remains positive but the electrons flow along�L, producing +L currents. The�L currents at the midplane
and +L currents on themagnetosheath andmagnetospheric sides form together the complete set of Hall cur-
rents. The +L current and �L currents have a similar peak value of approximately 400 nA/m2.

Figure 3c shows that the velocity difference in the L direction is small on the magnetosheath side of the
exhaust. As explained in past works [Eastwood et al., 2013] the strong Hall currents are supported by the high
plasma density there. However, the situation is different on the magnetospheric side (region after the third
vertical dashed line). The plasma density decreases to about 1/7 of the plasma density on the magnetosheath
side. However, the inward (�L direction) electron velocity reaches up to 560 km/s. It is thus the high electron
velocity that supports the Hall currents on the magnetospheric side. The L component of the parallel electric
fields have values up to 2 mV/m, consistent with the acceleration of electrons to high velocities as observed
on the magnetospheric side (Figure 1g). The resulting electron jet contributes to the strong Hall currents by
compensating the lack of plasma density. Such parallel electric fields may have a large scale, as reported by
Egedal et al. [2005, 2008]. Recently, Fujimoto [2014] found in simulations that in addition to coherent parallel
electric fields, bipolar solitary waves can be very efficient in the separatrix region to accelerate electrons and
trigger wave activity. The fluctuating electric field in Figures 1g–1i shows that wave activity is associated with
the observed fast electrons. For this asymmetric reconnection case, we quantified the role of the Hall current
system that produces the Hall magnetic fields by the decoupling of ions and electrons. We showed that par-
ticularly strong parallel electric fields are observed on themagnetospheric side. These sustain the strong elec-
tron velocities in L direction that are required to feed the Hall current system and in turn generate the Hall
magnetic fields on this tenuous side of the asymmetric magnetopause.

3.3. Asymmetric Hall Electric Fields

Another asymmetric feature of the Hall system observed in the exhaust of this asymmetric case is a strong
component of the (Hall) electric field normal to the magnetopause, as shown by the measured EN in
Figure 1i. EN has an average value on the order of �1.4 mV/m on the magnetosheath side and a peak value
of ~7.1 mV/m on the magnetospheric side. EN points toward the midplane from the magnetosheath to mag-
netosphere and the change in direction occurs near the BL zero crossing. The observations thus show a strong
EN on the magnetosphere side far from the ion diffusion region, downstream in the exhaust (R23). The pre-
sence of such a normal electric field at the magnetopause has been put forward from theoretical considera-
tions [Cowley, 1995] and has been measured in situ previously in the diffusion region[Vaivads et al., 2004;
Andre et al., 2004; Mozer et al., 2008a; Pritchett, 2008; Malakit et al., 2010; Phan et al., 2016b].

Several mechanisms have been proposed to explain its existence in the ion diffusion region. By comparing
(E+Vi×B)N and (J×B)N/nq, the normal electric field was found to be balanced by the Hall MHD term in
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the general Ohm’s law [Vaivads et al., 2004; Mozer et al. 2008a], thereby also proving that Hall physics dom-
inates in the diffusion region. However, simulations and theoretical works have shown that the gradient of
the plasma pressure tensor may be the source of plasma defreezing from the magnetic and electric fields
[Cai et al., 1994; Cai and Lee, 1997; Hesse et al., 2011]. Recently, the contribution of the plasma pressure gra-
dient has been tested with observations in the ion diffusion region [Aunai et al., 2011; Dai et al., 2015] and
electron diffusion region [Torbert et al., 2016]. Burch et al. [2016] also attribute the normal electric field in
the diffusion region to ion pressure gradients. The ion dynamics related to the Hall electric fields in the ion
diffusion region has also recently been discussed by Wang et al. [2016]. MMS 3-D measurements of electric
fields now make it possible to investigate the physical generation mechanism of the normal electric fields
associated with Hall magnetic fields. We discuss the mechanism of Hall electric fields in the exhaust of the
present reconnection in the following.

Figures 4a and 4b, respectively, display the time series of E’=E+Vi×B and the Hall term (J×B)/nq, both aver-
aged over the four spacecraft measurements. We focus on the normal components in blue in Figure 4.

Although the magnitude of (J×B)N/nq is somewhat larger than E’N , their variations are very well correlated.

So the Hall term is able to balance E’N , as reported in previous works [Vaivads et al., 2004; Mozer et al.
2008a]. Yet one cannot say that the normal electric field simply results here from the Hall term. The reason
is as follows. As shown in Figures 1g–1i, electrons are nearly frozen-in throughout the exhaust region. If we
add Vi×B to both sides of the electron frozen-in equation E= �Ve×B, the relation E+Vi×B= (1/nq)J×B
is naturally obtained. In other words, E+Vi×B= (1/nq)J×B is necessarily established as long as the electron
frozen-in condition is satisfied, and we cannot infer the physical relation between E+Vi×B and (J×B)/nq
from this equation. The appropriate equation to obtain the underlying physics of E+Vi×B is the ion momen-
tum equation:

EþVi�B ¼ 1=niqið Þ∇�Pi þ mi=qið ÞdVi=dt þ mi=qið Þνie Vi � Veð Þ; (3)

where Pi is ion pressure tensor and vie is the ion-electron collision frequency. Figures 4c and 4d display the
calculation of the ion pressure gradient term (1/niqi)∇ � Pi and the ion inertial term (mi/qi)dVi/dt using MMS
data. The calculation method is the same as in Torbert et al. [2016]. Comparing with E’N in Figure 4a, it is clear
that (1/niqi)(∇ �Pi )N is dominant and (mi/qi)(dVi/dt)N is a minor contributor to E+Vi×B. So the Hall electric
field in the exhaust region is mainly supported by the ion pressure gradient. The collision term cannot be
directly quantified. Subtraction of the pressure gradient and inertial terms on both sides of the ion momen-
tum equation can give an estimation of the collision term. The results are shown in Figure 4e. It should be
noted that collision effects cannot be deemed dominant, so that the large values of the collision term
observed at times during this interval may rather be attributed to observational uncertainties (the largest
values appear at times of largest gradients and lowest density, as expected for such subtle measurements).
The contribution of this deduced collision term to the electric field is thus not discussed further here.

4. Discussions and Summary

Most past works have focused on the asymmetric nature of the Hall system in the diffusion region of
asymmetric reconnection. In the present study, a magnetic reconnection event is studied for highly asym-
metric conditions and small guide field. Our investigation indicates the observations correspond to an
exhaust region 40 Di downstream of the X line. The reconnection exhaust far away from the X line was
typically regarded as a region where magnetohydrodynamic (MHD) processes dominate [Vasyliunas,
1975]. However, recent studies by Le et al. [2014] and Fujimoto and Takamoto [2016] have demonstrated
the importance of the kinetic treatment in properly representing the exhaust of collisionless magnetic
reconnection. Using particle-in-cell simulations, they found that kinetic process can lead to Hall effects
(and signatures) that can extend up to 100 Di downstream of the X line. Yet out-of-plane Hall magnetic
field or possibly related electron signatures have been observed in reconnection exhausts, beyond the
diffusion region, in the magnetotail and the solar wind [e.g., Fujimoto et al., 1997; Nagai et al., 2001;
Mistry et al., 2017]. For the magnetopause, Phan et al. [2016a] recently showed evidence for electron-scale
filamentary Hall currents in the exhaust and at its boundaries ~70 Di downstream of the X line. Here we
have reported on the full Hall magnetic field, electric field and current systems, which are found to main-
tain their large-scale structure (including their asymmetry) far from the X line in the exhaust of dayside
magnetopause reconnection. The expected decoupling of ions and electrons, and associated Hall
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current system, are clearly observed on both sides of the exhaust. These observations confirm that
dynamic processes at particle scales extend far downstream the ion diffusion region. Apart from few
studies, this possibility had been overlooked before the MMS era.

Thanks to MMS high-resolution particle measurements, the Hall current system is recovered from single-
point measurements and the decoupling of ions and electrons can be analyzed in details. The complete
in-plane current system was found to flow around the Hall magnetic fields, and the magnitude of the
out-of-plane magnetic fields induced by this current is demonstrated to quantitatively agree with the

Figure 4. Results of the calculation of the terms of the electron and ion momentum equations. (a) the three components of the electric field E’=E + Vi × B, (b) the
three components of the Hall term (J × B)/nq in the general Ohm’s law, (c) the three components of the ion pressure gradient (1/niqi)∇ � Pi , (d) the three compo-
nents of the ion inertial term (mi/qi)dVi/dt , and (e) the estimated three components of the collision term (mi/qi)νie(Vi� Ve). The reconnection exhaust region is
shaded grey.
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measured Hall magnetic field. This provides direct observational evidence for the process of Hall mag-
netic field generation by the Hall current system. We also found that the electron jet accelerated by par-
allel electric fields on the magnetospheric side strengthens the Hall currents, thereby compensating the
otherwise lower density on the magnetospheric side (thought to be the source of the asymmetric Hall
magnetic fields). In this event we further noted that the Hall current system is separated into two sub-
systems on the magnetosheath side. The reason for this separation is not clear. Multiple Hall currents,
although at small scales, have been recently been reported in the exhaust region using MMS data
[Phan et al., 2016a].

The normal electric fields associated with the Hall system are asymmetric in the present exhaust event, con-
sistent with previous studies of the diffusion region. The 3-D electric field measurements and four-point
plasma measurements make it possible to calculate each term in the ion momentum equation. Data suggest
that the ion pressure gradient on the magnetospheric side is the main contributor to the normal electric field.
The contribution from the inertial term is much lower. These findings provide observational additional
evidences for the origin of the normal electric field associated with the Hall system, including in the
exhaust region.

We now discuss the observed pattern of the Hall system. Terasawa, [1983] described Hall fields as a current
layer eigenmode that consists of a tearing mode coupled with a shear Alfvén mode. The tearing mode itself
does not have the out-of-plane By and the field-aligned currents. The out-of-plane Hall By (and Vy) and field-
aligned currents are actually produced by the Alfvén wave perturbation. Recent theoretical studies have
demonstrated the KAW nature of the Hall fields [Dai, 2009, Shay et al., 2011]. The pattern of Hall fields and
currents can be explained by the polarization of the wave electric andmagnetic fields and the current system
of standing KAW. Standing KAWmeans that the KAW eigenmodes are standing along the normal direction of
the current layer. In a reconnecting current layer, the current layer thickness is approximately the inhomoge-
neous scale along the normal direction, which is usually on the order of the ion inertial/gyroradius scale. The
inhomogeneous scale is comparable to the perpendicular wavelength of the KAW. Under this condition the
plane wave solution is not suitable and a KAW eigenmode description is needed. To a first approximation, we
can replace kx with �i∂x in the dispersion relation of KAW plane wave [Lee et al., 1994; Lysak and Lotko, 1996;
Biskamp, 2000], as Dai [2009] did. Then the obtained eigenmode differential equation yields a set of standing
wave solution.

With regard to how KAW eigenmode can be excited, there are a number of possible scenarios. An imposed
external reconnection electric field (EM) can excite KAW eigenmode [Dai, 2009]. The KAW eigenmode may be
excited by ion intrusion in the form of some profile of the ion current along the normal direction as well [Dai
et al., 2016]. This is not a surprise. KAW eigenmode consists ofmanywave components (e.g., EN, BM, EL, JN, and JL)
which are coupled with EM. Perturbations or a free energy source in any of these wave components may gen-
erate the KAW mode. Initially, as KAW eigenmode is excited, the KAW solution should be time dependent.
The frequencyω of the KAW eigenmode is much less than the ion gyrofrequency. Butω is not zero in general.
As the KAW eigenmode develops, the KAW solution may become steady state. ω=0 corresponds to the
steady state solution.

An important prediction of KAW theory is that the ratio of Hall fields |EN|/|BM| is on the order of 1 to a few
Alfvén speeds based on the average profile of the current layer [Dai, 2009, Shay et al., 2011]. The observations
show an average EN of 5–10 mV/m and BM of 10 nT on the magnetospheric side (Figures 1a and 1i). The ratio
|EN|/|BM| is in the range 500–1000 km/s. This value is a few times the Alfvén speed (250–800 km/s) on themag-
netosphere side (Figure 1e), consistent with prediction of KAW theory. We note that similar |EN|/|BM| ratios
have been found in previous observations [e.g., Mozer et al., 2002; Vaivads et al., 2004; Wygant et al., 2005;
Duan et al., 2016]. The same consistency also exists on the magnetosheath side, where the ratio |EN|/|BM| is
about 200 km/s and the Alfvén speed is in the range of 0–250 km/s. These consistent observations suggest
that the Hall system can be explained by KAW theory in the exhaust region as well. Another important insight
from KAW theory concerns the relation between the normal Hall electric field and the ion pressure gradient.
Motivated by the present study and Burch et al. [2016], Dai et al. [2016] present the theoretical details of KAW
physics which permits to support the normal electric field with the ion pressure gradient. Their theoretical
deduction shows that the normal electric field results from magnetosheath ion intrusion through finite ion
gyroradius effect in KAW.
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In summary, the following conclusions are drawn from this work:

1. Asymmetric magnetic reconnection at the magnetopause can feature a full asymmetric Hall system
downstream of the X line, all the way to 40 Di in the exhaust region. The Hall system in the exhaust region
inherits all features of the classic Hall system observed in the ion diffusion region. This implies that physics
at particle scales plays a key role in the exhaust region, while MHD description was clearly prevailing
before the MMS era.

2. The observed asymmetric Hall magnetic field directly results from the measured Hall currents, as demon-
strated through the reconstruction of the out-of-plane Hall magnetic field component using a method
based on Biot-Savart’s law.

3. The asymmetric normal Hall electric field, on the other hand, appears to result from larger ion pressure
gradients on the magnetospheric side of the exhaust, consistent with other recent studies.

4. The patterns of the Hall system are found to be consistent with KAW theory in the exhaust as well, i.e., as a
manifestation of finite ion gyroradius effects in KAW. This fact witnesses the necessary stage of KAW pro-
pagation to further distance downstream along the current sheet [Duan et al., 2016] after its excitation in
the reconnection diffusion region [Dai, 2009].
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