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Abstract with high-resolution data of the recently launched Magnetospheric Multiscale mission, we
report a magnetic reconnection event at the dayside magnetopause. This reconnection event, having a
density asymmetry Npigh/Niow = 2 on the two sides of the reconnecting current sheet and a guide field

By = 0.4B, in the “out-of-plane” direction, exhibit all the two-fluid features: Alfvenic plasma jets in the
outflow region, bipolar Hall electric fields toward the current sheet center, quadrupolar Hall magnetic fields
in the “out-of-plane” direction, and the corresponding Hall currents. Obviously, the density asymmetry
Nhigh/Niow = 2 and the guide field B, ~ 0.4B, are not sufficient to dismiss the quadrupolar pattern of Hall
reconnection. This is different from previous simulations, where the bipolar pattern of Hall reconnection
was suggested.

1. Introduction

Magnetic reconnection is a fundamental plasma process responsible for many explosive phenomena in the
universe such as solar flares [Shibata et al., 1995], coronal mass ejection [Lin and Forbes, 2000], substorms
[Angelopoulos et al., 2008], and the disruptions in laboratory plasmas [Ji et al., 1998]. During magnetic recon-
nection, the magnetic field topology changes and simultaneously the magnetic energy is converted into
particles’ kinetic and thermal energy [Priest and Forbes, 2000; Fu et al., 2015, 2017]. In the Earth’s magneto-
sphere, such reconnection can occur at both the dayside magnetopause [e.g., Mozer et al., 2002; Dunlop
et al, 2011; Lavraud et al., 2016; Burch et al., 2016; Cao et al., 2017] and nightside magnetotail [e.g., Dieroset
et al., 2001; Eastwood et al., 2005; Wei et al., 2007; Fu et al., 2013a, 2013b; Cao et al., 2013; Zhou et al., 2014]
and therefore provides an efficient approach for transferring solar wind energy into the Earth’s magneto-
sphere [Dungey, 1961].

In order to understand the process of magnetic reconnection in space, many models have been proposed so
far [Birn et al., 2001]. Among these models, the Hall reconnection model, or named two-fluid model, provides
a very large energy-conversion rate during reconnection [Birn et al., 2001] and thus can interpret the explo-
sive energy release reasonably. In space, particularly in the Earth’s magnetosphere, such a Hall reconnection
model has been widely accepted. The large reconnection rate in this model is attributed to the jx B term in
the generalized Ohm's law. This term, jx B, is prominent on the ion inertial scale (c/wpi), meaning that Hall
reconnection is actually a process occurring in the ion diffusion region. Here j is the current generated by
the decoupled motion of the magnetized electrons and unmagnetized ions. Such a decoupled motion, on
the ion inertial scale, certainly results in an electric field toward the current sheet center (Hall electric field),
a current in the reconnection plane (Hall current), and an inductive magnetic field in the “out-of-plane” direc-
tion (Hall magnetic field). These structures have been verified using the spacecraft observations [e.g., Mozer
et al.,, 2002; Eastwood et al., 2010b].

In the 2-D symmetric reconnection without guide field (e.g., the reconnection in the Earth’s magnetotail),
the Hall magnetic fields should be in a quadrupolar pattern [Dai et al, 2017]. In the asymmetric or
guide-field reconnection (e.g., the reconnection at the Earth’s magnetopause), however, the Hall magnetic
fields tend to be in a bipolar pattern, according to previous simulations [e.g., Pritchett and Mozer, 2009;
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Tanaka et al., 2008; Huba, 2005]. In fact, observations of symmetric Hall pattern in the asymmetric recon-
nection without guide field have been reported at magnetopause [Teh et al., 2010; Wang et al., 2017].
Such influence of guide field and asymmetry on the Hall reconnection pattern has been summarized
recently by Eastwood et al. [2013]. Typically, when the guide field and asymmetry increases, the symmetric
Hall pattern inside the ion diffusion region gradually degenerates into an asymmetric pattern.

To improve our understanding of the Hall reconnection pattern, more spacecraft observations on the ion
inertial scale are necessary. The Magnetospheric Multiscale (MMS) mission [Burch et al., 2015], having an inter-
spacecraft separation of ~10 km, provides a good opportunity to address this issue. In this paper, we report
MMS observations of an asymmetric guide-filed reconnection at the Earth’s magnetopause. Differing from
previous simulations, we find a clear quadrupolar pattern of Hall magnetic reconnection in this event.

2. Event Overview

The data from MMS mission [Burch et al., 2015], particularly from the Fluxgate Magnetometers (FGM) [Russell
et al., 2016], Electric Double Probe [Lindgvist et al., 2016; Torbert et al., 2016], Axial Double Probe [Ergun et al.,
2016; Torbert et al., 2016], and the Fast Plasma Instruments (FPI) [Pollock et al., 2016] on board it, are used in
this study. Throughout the paper, we use a local current sheet coordinate system (LMN) unless state other-
wise. The establishment of this coordinate system will be introduced below.

The event we consider was detected on 3 December 2015, from 02:38:30 to 02:38:50 UT, when the four MMS
spacecraft were located at (10.8, —2.3, and —0.7) Earth radii (Rg) with a separation of ~15 km in geocentric
solar ecliptic (GSE) coordinates. This separation is quite small, so that the four spacecraft generally measured
similar magnetic field and plasma properties. For the purpose of simplicity, we show only the data from one
of the spacecraft (MMS2) in this event.

Figures Ta-1c present an overview of this event from 02:32:00 to 02:42:00 UT, including the omnidirectional
differential energy flux (dEF) of electrons (a), magnetic field in GSE coordinates (b), and the electron number
density (c). Clearly, MMS2 crossed the magnetopause at 02:36:00 UT, when the electron dEF (Figure 1a) and
density (Figure 1¢) both increased significantly and the magnetic field strength decreased considerably
(Figure 1b). From 02:36:00 to 02:38:40 UT, MMS?2 situated well in the magnetopause boundary layer, as the
overview shows the mixed properties of magnetosheath region after 02:39:00 UT (fluctuant fields, high num-
ber density, and soft electron spectrogram) and magnetosphere region before 02:36:00 UT (smooth fields,
low number density, and hard electron spectrogram); it encountered a narrow current sheet at ~02:38:40
UT (see the shadow area). We particularly focus on this current sheet between magnetosheath (MSH) and
magnetopause boundary layer in this study.

Figures 1d-1j are a close-up view of this current sheet from 02:38:30 to 02:38:50 UT. We see no clear change in
B, but a steep reversal of the direction of B, and B, during this period (Figure 1d). Such a reversal certainly
means a narrow current sheet. We use the minimum variance analysis (MVA) to obtain the tangential direc-
tion of this current sheet (L), i.e., the largest variation in the magnetic field. By using the timing method we
could obtain the normal of the current sheet (N) through the four satellites’ time and location data of
reversed B, (magnetic fields in L direction) [Fu et al., 2012, 2016]. The N’ direction got here is nearly the same
as the result of MVA. We cross N’ and L to get the M direction and finally obtain the last direction as N=L x M.
Obviously, (L, M, and N) form an orthogonal coordinate system, in which the variation of magnetic field
around the current sheet could be well described. With respect to the original GSE coordinates, L = (0.14
—0.73 0.67), M = (0.14 0.68 0.72), and N = (—0.98 —0.01 0.19).

We transfer the magnetic field and particle data from GSE to LMN coordinates. These data are shown in the
right column of Figure 1, including the magnetic field strength |B| (e), B, (f), and By* (g), By components (h),
the electron flow velocity Ve, Vem, and Vey (i), and the ion flow velocity Vi, Vim, and Viy (j). In Figures 1e and
19, the magnetic field in M direction is actually obtained after removal of the guide field, ie.,
By* = By — 12.5 nT. This guide field was determined by the mean value of magnetic field in M direction
By (the Hall region should not be included). During this period, we see that the magnetic field B, changes
from +35 nT to —30 nT (Figure 1f), while the magnetic field By is generally stable and approaching zero
(Figure 1h). The reversal of B; direction happens at 02:38:40 UT (Figure 1f), when the magnetic field strength
|B|, obtained after removal of the guide field, reaches its minimum (see Figure 1e). In principle, the current
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Figure 1. Overview of the reconnection event on 3 December 2015. (a) The omnidirectional differential energy fluxes of electrons. (b) The three components of mag-
netic field in GSE coordinates. (c) The electron number density. (d-j) A close-up view of the event from 02:38:30 to 02:38:50 UT. Specifically, the parameters are
(Figure 1d) magnetic field B,, By, and B, components in GSE coordinates, (¢) magnetic field strength with the guide field subtracted, (Figures 1f-1h) magnetic field B;,
By, and By components in LMN coordinates, and (Figures 1i and 1j) the electron and ion flow velocity. (k) A cartoon showing the asymmetric Hall reconnection at the
Earth’s magnetopause. In Figure 1g, the guide field B; = 12.5 nT has been subtracted. In Figure 1k, the blue thick line denotes the trajectory of MMS.

sheet center should be detected at ~02:38:40 UT associated with the minimum |B| (Figure 1e). Around this
current sheet, from 02:38:37 to 02:38:43.5 UT, we see a clear bipolar variation of magnetic field from
By* ~ —15 nT to By* = 12 nT in M direction (Figure 1g) and a plasma jet Vi, ~ 85 km/s in L direction
(Figure 1j). Such a bipolar variation is consistent with the Hall magnetic field in the two-fluid model. Also,

B1B2(B14B2) ~
10(p1B1+p2B2)

By, B, and p,, p; are respectively the reconnecting fields and mass densities on the two sides of current
sheet [Cassak and Shay, 2007]. These two characteristics (bipolar magnetic field and Alfvenic jet) around
the current sheet indicate that the region MMS2 crossed during 02:38:37-02:38:43.5 UT may be the ion
diffusion region of magnetic reconnection. Such ion diffusion region has been reported previously in the
Earth’s magnetosphere and the magnetosheath [Mozer et al., 2002; Eastwood et al., 2010b; Retino et al.,
2007]. We illustrate the crossing the ion diffusion region in this event in Figure 1k, where the thick blue
line denotes the spacecraft trajectory. Considering the number density asymmetry (Figure 2a) and also the

the plasma jet has a velocity comparable to the inflow Alfven speedVA = 120 km/s, where
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Figure 2. Plasma properties and detailed pitch angle distributions of ions (left column) and electrons (right column) measured by MMS2. (a, g) The number density.

(b, h) The parallel (blue) and perpendicular (red) temperature. (c, i) The omnidirectional differential energy fluxes of the 0.01-1 keV ions and electrons.

(d-f, j-i) Pitch angle distribution of the low-energy (0.02-0.2 keV), middle-energy (0.2-3 keV), and high-energy (3-30 keV) particles. (m) Detailed pitch angle
distributions of ions at 02:38:40 UT for 11 different channels from 0.228 keV to 2.799 keV (middle-energy). (n) Detailed pitch angle distributions of electrons at
02:38:37.5 UT for 12 different channels from 0.011 keV to 0.179 keV (low-energy).
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Figure 3. The electric field and current system detected by MMS from 02:38:30 to 02:38:50 UT. (a-c) The three components
of current density in LMN coordinates, with the blue line representing the result from Curlometer [Dunlop et al., 2002] while
the green line the result from plasma moments. (d—f) The measurements of electric field (blue line), electron convection

term —V, x B (red line), and ion convection term —V; x B (green) in the LMN coordinate system. (g) The parameter 7, for
estimating the error of Curlometer.

strong guide field during the whole crossing (B, = 12.5 nT, see Figure 1g), the magnetic reconnection
observed in this event should be an asymmetric guide-field Hall reconnection. The bipolar variation of the
Hall electric field, formed due to the separated motion of electrons and ions on ion inertial scale, is also
found in this event (see Figure 3). At 02:38:37.5 UT, a strong electron flow was detected (Figure 1i),
probably at the separatrix of the ion diffusion region.

The bipolar variation of magnetic field in the “out-of-plane” direction (M direction), traditionally interpreted
as the Hall quadrupolar magnetic field, is clearly seen in this event. Such phenomenon is unusual in the
asymmetric guide-field reconnection [Eastwood et al., 2013]. We will discuss it in detail in section 5.

3. Plasma Properties

Figure 2 shows the plasma properties of ions (left column) and electrons (right column) in this asymmetric
guide-field reconnection, measured by MMS2 from 02:38:30 to 02:38:50 UT. Specifically, the plasma density
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(a, g), temperature (b, h), omnidirectional dEF of the 0.01-1 keV particles (c, i), pitch angle distribution (PAD)
of the 0.02-0.2 keV (d, j), 0.2-3 keV (e, k), and 3-30 keV particles (f, I) are shown from top to bottom. We find
that the plasma density on the Earth side of the current sheet (02:38:30-02:38:35 UT), N; = 8 cm ™, is clearly
smaller than that on the Sun side of the current sheet (02:38:43-02:38:50 UT), N; = 16 cm™>. Such density
discrepancy on the two sides of the current sheet, as shown in Figures 2a and 2g, confirms that the reconnec-
tion is asymmetric.

During the whole crossing (02:38:30-02:38:50 UT), the ion temperature is generally positive anisotropic
(T, > T,) (see Figure 2b) while the electron temperature is nearly isotropic (T,, = T,) (see Figure 2h). This is
different from that inside the ion diffusion region (02:38:37-02:38:43.5 UT), where the electron temperature
shows the signature of “T,, > T,” (see Figure 2h) and the ion temperature is isotropic (Figure 2b) (see the
shadow area). We see an enhancement of the number density of ions and electrons inside the ion diffusion
region (Figures 2a and 2g). Such enhancement is primarily contributed from the 0.1-1 keV ions (Figure 2c)
and 0.04-0.4 keV electrons (Figure 2i), i.e, the middle-energy ions and low-energy electrons according to
the classification of FPI [Pollock et al., 2016]. Inside the ion diffusion region, the fluxes of these middle-energy
ions between pitch angle 90° and 180° are generally higher than that of 0° to 90° (Figures 2e and 2m), while
the PAD:s of the low-energy electrons are “cigar-type” (Figures 2j and 2n), consistent with the estimation of
plasma temperature (Figures 2b and 2h). Comparing to the dEFs of the low-energy electrons (Figure 2j),
the dEFs of the high-energy electrons are significantly lower (Figure 2l), meaning that there is no electron
energization in this event.

4, Electric Field and Current System

Figure 3 investigates the electric field and current system inside the ion diffusion region. From top to bottom,
the current density ji, jy, and jy (a—c), the electric field E;, £y, and Ey (d-f), and the parameter n=|V-B|/
|[VXB]| (g) are shown, respectively. In Figures 3a-3¢, the blue line represents the current density derived
from the curlometer method [Dunlop et al., 2002], while the green line denotes the current density from
the plasma moments j = n-e-(V; — V,). In Figures 3d-3f, the blue, red, and green lines show the measurements
of electric field E, the convection term —V, x B and —V; X B, respectively. Here V;, V,, E, and B are the average
of the four-spacecraft measurements; n is the average of the ion and electron density, n = (n; + n,)/2.

As can be seen, the current densities derived from these two methods are quite similar. Outside the ion diffu-
sion region, all the current components (j;, jy, and jy) are nearly zero (Figures 3a-3c); while inside the diffu-
sion region (see the shadow area), we find a clear enhancement of current in M direction (Figure 3b) and a
“negative-positive-negative” variation of current in L direction (Figure 3a). Obviously, the large j, can be inter-
preted as the “out-of-plane” current of the current sheet (similar to the cross-tail current in magnetotail or the
Chapman-Ferraro current at magnetopause), while the “negative-positive-negative” variation of j, may be
interpreted as the Hall current inside the ion diffusion region. Such interpretation is well consistent with that
shown in Figure 1k (see particularly the black dashed lines there). The most prominent fluctuation of electric
field is found in the Ey component (Figure 3f). Roughly speaking, the measurements of electric field
(Figures 3d-3f, blue line) during 02:38:37-02:38:43.5 UT are consistent with the electron convection term
—V, x B (Figures 3d-3f, red line) but different from the ion convection term —V; x B (Figures 3d-3f, green
line) and thus confirm the identification of ion diffusion region. We see a “negative-positive” variation of Ey
inside the ion diffusion region (see the shadow area). Such a bipolar variation may be interpreted as the
symmetric bipolar Hall electric field (see the black thick arrows in Figure 1k).

5. Summary and Discussion

On 3 December 2015, MMS crossed a narrow current sheet at the dayside magnetopause with separation of
~15 km. It detected all the signatures of Hall magnetic reconnection from 02:38:30 to 02:38:50 UT, including
the Alfvenic plasma jets, bipolar Hall electric fields, quadrupolar Hall magnetic fields, and the corresponding
Hall currents, and therefore, it may encountered the ion diffusion region of a Hall magnetic reconnection.
Inside this ion diffusion region, we find that ions are demagnetized (E # —V; x B) while electrons are generally
frozen-in (E ~ —V, x B). As a result, the middle-energy electrons show an isotropic pitch angle distribution
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inside the diffusion region, while the low-energy electrons exhibit a cigar-type PAD inside the diffusion
region. We find no clear electron energization inside the ion diffusion region.

During the encounter of this event, MMS observed a guide field in the M direction, i.e., the “out-of-plane”
direction. This guide field, B; = 12.5 nT, is approximately 40% of the reconnecting field (B, = 0.4B,). On the
two sides of the reconnection current sheet, the plasma density and magnetic field are both asymmetric.
Specifically, the plasma density on the Earth side of the current sheet (N;=8 cm~3) is about 50% of the plasma
density on the Sun side (N; = 16 cm ™) (see Figure 2a), while the magnetic field strength on the Earth side
(IBL] = 35 nT) is about 120% of the magnetic field strength on the Sun side (|B,| = 30 nT) (see Figure 1f). All
these parameters indicate that the reconnection detected by MMS in this event is an asymmetric guide-field
Hall reconnection. In fact, the MMS spacecraft spent ~2 s to cross the Earth side of the ion diffusion region
(02:38:37.5-02:38:39.5 UT) but ~4 s to cross the Sun side of the diffusion region (02:38:39.5-02:38:43.5 UT)
(see Figure 1qg). This is consistent with the identification of the asymmetric guide-field reconnection.

In the asymmetric guide-field reconnection, the quadrupolar Hall magnetic field and bipolar Hall electric field
are supposed to degenerate into asymmetric pattern, according to previous simulations [e.g., Pritchett and
Mozer, 2009; Tanaka et al., 2008]. Specifically, the Hall magnetic field on one side of the current sheet, where
the magnetic field is stronger and the plasma density is lower (with respect to those on another side), will
disappear due to the electron flows along separatrices from high-density side to low-density side of the
current sheet [Pritchett and Mozer, 2009]. And the guide field may further destroy the symmetric scale pattern
of Hall electric fields and magnetic fields, by exerting a jai X B, force on the ion diffusion region [Eastwood
et al,, 2010a; Rogers et al., 2003]. Also, a moderate guide field alone could lead to the large asymmetry of the
quadrupolar Hall magnetic field, and the Hall magnetic field in positive N direction will decrease, while the
guide field in M direction is getting bigger gradually (the N and M direction used here are consistent with
Figure 1k) [Huba, 2005]. In the present event, both guide field (Figure 1g) and asymmetric plasma density
(Figure 2a) exist, but the symmetric pattern of Hall electric field and magnetic field is still found (Figures 1g
and 3f). Obviously, the asymmetry of reconnection and the guide field do not significantly affect the quad-
rupolar pattern of Hall reconnection in this event (However, the Hall magnetic field on the low-density side
(By* = —15 nT) is even stronger than that on the high-density side (By* = 12 nT); see Figure 1g). This is
different from previous simulations, which predict bipolar pattern in the asymmetric guide-field reconnection
[see Eastwood et al., 2013, and references therein].

The discrepancy between our observations and previous simulations may be attributed to the small values of
guide field and asymmetry in this event. Probably, the guide field B; = 0.4B, and density ratio Nyigh/Niow = 2
are not sufficient to completely destroy the quadrupolar pattern of Hall reconnection. To validate this conjec-
ture, however, a quantitative test in the simulations is necessary. Besides, the scale of Hall magnetic field on
the low-density side (~2 s duration, see Figure 1g) is about one half of the scale of Hall magnetic field on the
high-density side (~4 s duration, see Figure 1qg). This is quantitatively consistent with the density asymmetry
Nhigh/Niow = 2 on the two sides. Such consistence should also be tested quantitatively in the future simula-
tions. Another explanation to our observation is that may be the number density asymmetry and guide field
are competing with each other in this event, which makes the symmetric pattern of Hall fields still exists. And
the mechanism of this could be studied in future works.
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