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Abstract Symmetric Hall magnetic field structures, such as bipolar or quadrupolar patterns, are commonly
expected around a single magnetic X-line during asymmetric guide-field reconnection. In such cases, oppositely
directed reconnection jets are generally associated with the same number of Hall magnetic field polarities. Here,
we report for the first time Magnetospheric Multiscale (MMS) observations of asymmetric Hall magnetic field
structures in oppositely directed magnetopause reconnection jets. We validate a method for estimating Hall
magnetic fields from in-plane electric currents using virtual spacecraft measurements from particle-in-cell (PIC)
simulations of symmetric reconnection. We then examine three magnetopause reconnection events (G1, G2, and
G3) with substantial guide fields (26%, 48%, and 79% of the reconnecting field). The G1 and G2 events exhibit
northward and southward jets, respectively, while G3 shows a bipolar jet. Their upstream magnetic field and
density ratios (magnetosphere to magnetosheath) are G1: (1.4, 0.17), G2: (1.3, 0.19), and G3: (1.6, 0.09), where
the first value in each pair represents the magnetic field ratio and the second the density ratio. Despite
comparable upstream conditions for G1 and G2, their Hall magnetic field structures differ: the southward jet
exhibits a tripolar structure (+, —, +), whereas the northward jet shows a bipolar structure (+, —), with the
negative polarity located on the magnetospheric side. In G3, a tripolar structure (+, —, +) is also observed in the
southward jet, whereas the northward jet shows only positive Hall magnetic field polarity. These observations
agree with predictions from previous PIC simulations of asymmetric guide-field reconnection.

Plain Language Summary Collisionless magnetic reconnection is a fundamental process in
astrophysical plasma that converts magnetic field energy into the kinetic and thermal energies of plasma. A key
signature of this process is the generation of out-of-plane Hall magnetic fields produced by Hall current loops.
Traditionally, the polarities of these Hall magnetic fields are expected to be symmetric in the oppositely directed
reconnection outflows. In this study, however, we demonstrate for the first time that this symmetric Hall
magnetic field pattern does not persist during guide-field magnetopause reconnection events observed by MMS.

1. Introduction

Collisionless magnetic reconnection is a fundamental plasma process that transports solar wind energy into the
Earth's magnetosphere. In this regime, Hall magnetic and electric fields arise within the ion diffusion region due
to the decoupled motions of ions and electrons (e.g., Sonnerup, 1979). Over the past two decades, such Hall fields
have been widely observed in the ion diffusion region during both magnetotail and magnetopause reconnection
events. (e.g., J. P. Eastwood et al., 2010, 2013; X. Li et al., 2025; F. S. Mozer et al., 2008; F. S. Mozer et al., 2002;
T. Nagai et al., 2001; M. @ieroset et al., 2001; S. Y. Tang et al., 2021; W.-L. Teh et al., 2010, 2011, 2014; R. S.
Wang et al., 2012, 2017; Y. C. Zhang et al., 2017; M. Zhou et al., 2018).

For symmetric reconnection without a guide field, where the upstream magnetic field strength and plasma density
are identical on both sides, the Hall magnetic field exhibits a well-known quadrupolar pattern generated by Hall
current loops, while the Hall electric field displays a bipolar pattern (e.g., J. Birn et al., 2001; P. L. Pritchett, 2001;
M. A. Shay et al., 2001; X. R. Fu et al., 2006; Q. M. Lu et al., 2010; S. Lu et al., 2011). When a substantial guide
field is present, this quadrupolar pattern becomes distorted (e.g., S. Lu et al., 2011).

For asymmetric reconnection without a guide field, the Hall magnetic field may exhibit either a bipolar or
quadrupolar pattern (e.g., M. A. Shay et al., 2016; L. Dai, 2018; L. L. Sang et al., 2018, 2019a). Additionally, a
hexapolar pattern was identified by L. L. Sang et al. (2018, 2019a) in two-dimensional (2D) PIC simulations of
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asymmetric reconnection without a guide field. This hexapolar pattern evolves from the quadrupolar pattern. In
the previous simulations, bipolar, quadrupolar, and hexapolar patterns are considered symmetric Hall magnetic
field structures because they exhibit the same number of Hall magnetic field polarities (or signs) on the left and
right sides of an X-line; for example, a quadrupolar pattern has two polarities on each side of the X-line.

Later, L. L. Sang et al. (2019b) reported asymmetric Hall magnetic field structures in 2D PIC simulations of
asymmetric reconnection with substantial guide fields (B,). The Hall magnetic fields (i.e., By, — B,) exhibit a
tripolar structure (+, —, +) on the left side of the X-line and a bipolar structure ( +, —) on the right side, with the
negative polarity located on the magnetospheric side. Here B), denotes the out-of-plane magnetic field compo-
nent. This configuration is neither quadrupolar nor hexapolar. However, such asymmetric Hall magnetic field
structures have not yet been confirmed by spacecraft observations.

In this study, we present the first observational evidence of asymmetric Hall magnetic field structures during
guide-field magnetopause reconnection using spacecraft data from MMS (J. L. Burch et al., 2016). We analyze
three magnetopause reconnection events (G1, G2, and G3) with substantial guide fields. The G1 and G2 events
exhibit northward and southward jets, respectively, whereas G3 shows a bipolar jet. We validate a method for
estimating Hall magnetic fields from in-plane electric currents using virtual spacecraft data from symmetric
reconnection simulation and then apply this method to the three events to identify the associated Hall magnetic
field structures.

2. Hall Magnetic Field Estimate and Results

For a 2D magnetic field structure, the magnetic field vector can be expressed asB = VA X m + mB,;, where A
is the magnetic vector potential, 7 is the invariant axis (i.e., d/0m = 0), and V = 10/0l + 70/on. In a 2D

reconnection configuration, the unit vectors 1 and 7 are directed along the reconnecting magnetic field and the
normal direction, respectively. From Ampere's law, the electric current density is given by

i = 1/ug(VBy X i — mV>A). €))

To first order, the differential of the out-of-plane magnetic field component is given as dBj =
(0By/0l)dl + (0B,,/0n)dn. Using the relationships dBy;/0n = —uy j; and 0B,,/0l = uy jy, the By, perturbation
is then estimated along the spacecraft trajectory as follows:

t t
ABy = —ﬂ()/ Jouadt + ﬂof Jndt = By, )
1 1

Here, u, and 1, are constant representing the spacecraft's velocities along the n- and /- directions, respectively,
relative to the current sheet. These velocities are used to compute the d/ and dn. Equation 2 estimates the out-of-
plane magnetic field perturbation, that is, the Hall magnetic field, By = By — B, = AB), using the in-plane
current densities j, and jy. The guide field B, is assumed to be spatially uniform. These in-plane currents
form the so-called Hall current loop within the ion diffusion region. Depending on the local magnetic field
configuration, the in-plane Hall current may be either perpendicular or parallel to the in-plane magnetic field. In
the ion diffusion region, the current density j; plays a dominant role in generating the Hall magnetic field By. In
this study, the measured current density is calculated as j = en,(V; — V,), where e is the elementary charge, n, is
the electron density, and V; and V, are the ion and electron plasma velocities, respectively.

A 2D PIC simulation of symmetric reconnection is used to validate the Hall magnetic field estimation method
based on Equation 2. We note that the simulation is used solely for methodological validation and not for
quantitative comparison with the MMS observations. The initial magnetic field configuration is an 1D Harris
current sheet in the x-z plane, given by B = B tanh(z/8) * + B, y, where § = 0.5 d; is the half-width of the
current sheet and d; = ¢/ wp,; is the ion inertial length, which is the ratio of the speed of light to the ion plasma
frequency. The initial plasma density profile is expressed as p = p, sech(z/8) + Pp» With p, = 0.2 p, repre-
senting the background density in terms of the initial density p,, at the center of the current sheet. The simulation
box dimensionis L, X L, =204.8 d; X 25.6 d;, with grid spacing Ax = Az = 0.05 d;. The simulation time step is
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Figure 1. (a) Magnetic field map for symmetric guide-field reconnection, with the out-of-plane magnetic field By shown in
color. The magenta lines indicate the reconnection separatrices. (b—f) Simulated data along a spacecraft trajectory (the
dashed line) shown in (a), along with the estimated Hall magnetic field By and the angle 6; between the in-plane current
density vector and the in-plane magnetic field. The magenta line in panel (c) denotes the initial guide field of 0.5.

0.001 Qi_l , where €; is the ion cyclotron frequency. The mass ratio m;/m, is set to 100. The simulation data used
in this study were provided by Y. K. Shu et al. (2022).

Figure 1a shows the magnetic field configuration in the x-z plane for B,/B, = 0.5 at Q;t = 49, with the out-of-
plane B, field represented in color. The (x, y, z) axes correspond to the (/, m, n) axes, respectively. In the figure, the
reconnection separatrices are indicated by the magenta lines and the black dashed line represents the virtual
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spacecraft trajectory passing through the ion diffusion region and the current sheet. The simulated data along the
spacecraft trajectory is presented in Figures 1b—1f. Figure 1b displays the B;, By, and V;,;, revealing the
reconnection jet within the current sheet, accompanied by a significant normal magnetic field component. The
V.11 denotes the L-component of the ion velocity perpendicular to the magnetic field. The By field between the
two dashed lines is estimated by Equation 2, using d/ = 0.025 and dn = —0.05. A bipolar structure is observed (see
Figure 1d), characterized by negative By around z/d; = 4 and positive By within the current layer. The negative
peak in By coincides with the reversal point of the bipolar j, current. Figure le shows the angle 0; between the in-
plane current density vector and the in-plane magnetic field. It can be seen that the regions of large current density
are predominantly field-aligned. Good agreement is obtained between B,, and B+ 0.47 (see Figure 1c), where
the offset of 0.47 corresponds to the B, value at the location of the first dashed line and represents the guide field.
This comparison demonstrates that Equation 2 provides an accurate estimate of the Hall magnetic field resulting
from 2D reconnection, as expected. Similar agreement is also found for symmetric reconnection cases with
B,/By = 0 and 1.0 (not shown). We note that although Equation 2 is validated using a symmetric reconnection
simulation, its applicability extends to asymmetric reconnection because it is derived from the Ampere's law.

3. MMS Event Studies

Three guide-field magnetopause reconnection events (G1, G2, and G3) observed by the MMS spacecraft are
presented. Northward and southward reconnection jets are observed for G1 and G2, respectively, while G3 shows
a bipolar jet. Measurements of magnetic fields from the Fluxgate Magnetometer (C. T. Russell et al., 2016),
electric fields from Electric Double Probe (P.-A Lindqvist et al., 2016), and electron density, as well as ion and
electron plasma velocities from the Fast Plasma Instrument (C. Pollock et al., 2016), are used at burst mode
resolution. Vector components are shown in geocentric solar ecliptic (GSE) coordinates.

Figure 2 presents the analysis results of the northward jet (the G1 event) observed by MMSI1 during the interval
from 10:31:12 to 10:31:30 UT on 13 December 2015. This event was previously studied by Y. C. Zhang
et al. (2017) estimated Hall magnetic fields using the Biot-Savart law, a method different from ours. The two
vertical lines in the figure indicate the locations of the upstream magnetic fields: B; = (—15.4, 15.1, —20.2) nT,
located in the magnetosheath, and B, = (9.2, —8.1, 39.1) nT, located in the magnetosphere. The magnetic shear
angle across the magnetopause is approximately 150°. These B, and B, magnetic fields are then used to estimate
the m axis, calculated as:

ﬁ’l = (B] X B2) X (B] - B2)/|(B1 X Bz) X (B] - B2)| = (0.598, —0.630, —0495).

The normal axis is defined as 7 =B; X B,/|B; X B,| =(0.716,0.697, —0.023) (i.e., the cross-product normal),
andI=7m X A= (0.360, —0.341, 0.868). Compared with the LMN coordinate system of Y. C. Zhang et al. (2017),
the corresponding L, M, and N axes differ by approximately 6°, 17°, and 16°, respectively. The reconnection guide
field is therefore calculated as By - i = B, - ;i = —8.7 nT (duskward) (see the magenta line in Figure 2b), which
corresponds to ~26% of the effective reconnecting magnetic field B;, = 2|B;|B»/(|Bri|+B;2) = 33.1 nT, where
B;; = —28.3 nT and B;, = 40.0 nT. The upstream conditions of the magnetopause are as follows: the ratio of the
magnetic fields is B;,/|B;;| = 1.4, and the ratio of the electron densities is n,,/n,; = 1.6/9.4 = 0.17.

Figure 3a displays the measured electric fields (black), —V; X B (blue), and —V, X B (red) in LMN coordinates
for G1. The discrepancy between —V; X B and —V, X B within the regions of interest, enclosed by the two black
dashed lines, indicates the presence of the ion diffusion region. Despite large fluctuations in the measured electric
fields, =V, X B remains in qualitative agreement with the measurements.

Near the center (B; = 0) of the current sheet, a northward jet (V;,; > 0) with a peak speed of ~134 km/s is seen,
accompanied by a negative normal magnetic field component that peaks at ~—7.7 nT (see Figure 2a). The
negative normal magnetic field aligns with expectations for the northern quadrants of a magnetic X-line at the
magnetopause. As shown in Figure 2c, the Hall magnetic field By is estimated by Equation 2, using u,, = —40 km/
s and u; = —9 km/s. These velocities are determined by optimizing the agreement between the observed and
estimated results (see Figure 2b). The negative u,, aligns with the spacecraft motion from the magnetosheath to
magnetosphere. For comparison, the timing analysis based on the B; reversal yields an estimated |u,| of ~65 km/s
(Y. C. Zhang et al., 2017), exceeding our result. The width of the ion diffusion region in the normal direction is
estimated as 40 km/s X 12.5 s = 500 km (~6.8 d;), where d; = 74 km is the ion inertial length based on the
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Figure 2. Analysis results for the northward reconnection jet event (G1) observed by MMSI1 at the magnetopause, with the same format as Figures 1b—1f. The two
vertical dashed lines mark the times 10:31:14.5 UT and 10:31:27 UT for the By estimate. The magenta line in panel (b) denotes the guide field of —8.7 nT. Panel
(f) shows a schematic of the observed Hall magnetic field structures generated by Hall current (j;) loops (the red lines) in the northward jet during guide-field
magnetopause reconnection, with the MMS spacecraft traversing from the magnetosheath to the magnetosphere.

magnetosheath density of 9.4 cm™. A bipolar structure (+, —) is evident in Figure 2c, with the negative polarity
located on the magnetospheric side. The peaks in By coincide with the reversal points of the bipolar j, currents. As
indicated by 6; in Figure 2d, the in-plane Hall currents contain both perpendicular and field-aligned components
relative to the in-plane magnetic fields. Figure 2f shows a schematic of the observed Hall magnetic field structures
generated by Hall current (j;) loops (the red lines) in the northward jet during guide-field magnetopause
reconnection, consistent with the PIC simulation results of L. L. Sang et al. (2019b).

The G2 event, featuring a southward jet, is shown in Figure 4. It occurred on 21 October 2015, during the interval
15:10:51-15:10:57 UT. This event was previously studied by S. Y. Tang et al. (2021) identified the hexapolar
Hall magnetic field pattern. The LMN coordinates are: I= (0.197,0.234,0.952), m = (0.273, —0.946, 0.176), and
7n=(0.942, 0.226, —0.250), derived using B; = (—11.5, 9.9, —38.3) nT in the magnetosheath and B, = (4.7, 29.1,
39.8) nT in the magnetosphere, which form a shear angle of 129°. Note that the m- and n- axes have been rotated
by 3° about the / axis to obtain a positive average By. Compared with the LMN coordinate system of S. Y. Tang
et al. (2021) showed that the corresponding L, M, and N axes differ by approximately 3°,11° and 11°, respec-
tively. The reconnection guide field is —19.3 nT (duskward), corresponding to ~0.48 B, ,, where B;, = 40.5 nT.
The ratio B;,/|B;;| is 45.6/36.4 = 1.3 and the ratio n,,/n,; =2.3/11.9 = 0.19. These asymmetric ratios resemble
those in the G1 event, although the guide field in the G2 event is substantially larger. As shown in Figure 3b, the
ion diffusion region is characterized by the deviation between —V; X B and —V, X B.

A southward reconnection jet, peaking at ~ —279 km/s, is observed in the current sheet (see Figure 4a), along with
a small average By (~0.42 nT). This positive By is expected for the southern quadrants of a magnetic X-line at the
magnetopause. Unlike the G1 event, a significant shear flow in the L-direction is observed at the magnetopause.
The By fields, estimated from the in-plane currents, are in reasonable agreement with the observations (see
Figure 4b). For the calculation, #, = 130 km/s and u; = 40 km/s are used. For comparison, the estimated u, from
the timing analysis is ~51 km/s (S. Y. Tang et al., 2021), which is significantly smaller than our result. The
positive u,, aligns with the spacecraft motion from the magnetosphere to magnetosheath. The width of the ion
diffusion region is estimated as 130 km/s X 3.2 s = 416 km (~6.3 d;), where d; = 66 km is based on the
magnetosheath density of 11.9 cm™>. Notably, the Hall magnetic fields associated with the southward jet exhibit a
tripolar structure (+, —, +) (see Figure 4c), in contrast to the bipolar structure seen in the northward jet. The three
|By| peaks are located at the reversal points of the bipolar j; currents, where both perpendicular and field-aligned
Hall current components are observed (see Figure 4d). Figure 4f shows a schematic of the observed Hall magnetic
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Figure 3. Comparison of the measured electric field (black), —V; X B (blue),
and —V, X B (red) for (a) G1, (b) G2, and (c) G3 events. The vertical
magenta lines indicate the analysis interval used in the method of Sonnerup and
Hasegawa (2005).

field structures generated by Hall current loops in the southward jet during
guide-field magnetopause reconnection, consistent with the predictions of L.
L. Sang et al. (2019b). Compared with Figure 2f, an additional Hall current
loop appears on the magnetosheath side of the current sheet.

The G3 event, which features a bipolar reconnection jet, is shown in Figure 5.
It occurred on 19 December 2015 during the interval 08:05:10-08:06:50 UT.

The LMN coordinates are: | = (0.223, 0.266, 0.938), m = (0.268, —0.942,
0.204), and 7 = (0.937, 0.206, —0.281), derived using B; = (0.9, —25.2,
—15.6) nT in the magnetosheath and B, = (13.2, —10.4, 36.6) nT in the
magnetosphere, which form a shear angle of 104°. The ratio B;,/|By;| is
34.5/21.1 = 1.6 and the ratio n,/n, is 1.8/19.6 = 0.09. During the
magnetopause crossing from the magnetosphere to the magnetosheath, a
southward jet is first observed on the magnetospheric side, followed by a
northward jet on the magnetosheath side (see Figure 5a). One can see that a
negative By is observed in the southward jet, which is unexpected. Attempts
to obtain a positive By by rotating the LMN coordinate system about the L.
and M axes were unsuccessful. The origin of this negative By remains un-
known, similar to the observation reported by Burch and Phan (2016). The
reconnection guide field is ~20.8 nT (dawnward), corresponding to ~0.79
B;., where B;, = 26.2 nT. The ion diffusion region is observed during the
magnetopause crossing (see Figure 3c). The time interval used for the By
estimation is divided into three segments, indicated by the red, black, and
cyan bars in Figure 5b. The three intervals were selected based on the
observed reconnection outflow signatures. Specifically, the first and third
intervals correspond to the southward and northward reconnection jets,
respectively, while the second interval corresponds to the jet-reversal region
between the two jets. These intervals were selected within the corresponding
physical regions where the estimated Hall magnetic fields showed good
agreement with the observations. The resulting (u,, u;) values are (25 km/s,
25 km/s), (10 km/s, 15 km/s), and (15 km/s, —27 km/s) for the red, black, and
cyan bars, respectively. The widths of the ion diffusion region for the three
intervals are 25 km/s X 22 s =550 km (~10.8 d;), 10 km/s X 11.5s=115km
(~2.3d;), and 15 km/s X 37 s =555 km (~10.9 d;), where d; = 51 km is based
on the magnetosheath density of 19.6 cm™. For comparison, the u, estimated
from the timing analysis is ~31 km/s, based on the B; reversal. This positive
u, agrees with the spacecraft motion from the magnetosphere to the magne-
tosheath. The spacecraft motion along the / axis is initially upward and later
downward. A sketch in Figure 5f illustrates the spacecraft trajectory (green
curve) within the diffusion region of the asymmetric guide-field reconnection.
As shown in Figure 5c, a tripolar structure (+, —, +) also appears in the By
for the southward jet (red bar), and the corresponding j; profile resembles that
of the G2 event shown in Figure 4c. For the northward jet (cyan bar), only
positive By is observed. Moreover, the positive By also appears around the
jet-reversal interval (black bar).

4. Summary and Discussion

We analyzed Hall magnetic field structures within northward and southward
magnetopause reconnection jets from three MMS events (G1, G2, and G3).
The G1 and G2 events exhibit northward and southward jets, respectively,
while G3 shows a bipolar jet. Their upstream magnetic field and density ra-
tios (magnetosphere to magnetosheath) are as follows: G1: (1.4, 0.17),
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Figure 4. Analysis results for the southward reconnection jet event (G2) observed by MMS4 at the magnetopause, with the same format as Figure 2. The two vertical
dashed lines mark the times 15:10:52.3 UT and 15:10:55.5 UT for the By estimate. The magenta line in panel (b) denotes the guide field of —19.3 nT. Panel (f) shows a
schematic of the observed Hall magnetic field structures generated by Hall current loops in the southward jet during guide-field magnetopause reconnection, with the MMS
spacecraft traversing from the magnetosphere to the magnetosheath.

G2:(1.3,0.19), and G3: (1.6, 0.09). The reconnection guide fields at G1, G2, and G3 are substantial, corresponding
to 26%, 48%, and 79% of the reconnecting field, respectively. The Hall magnetic field estimates show good
agreement with the observations. Despite comparable upstream conditions for G1 and G2, their Hall magnetic field
structures differ: the southward jet exhibits a tripolar structure (4, —, +), whereas the northward jet displays a
bipolar structure ( 4, —), with the negative polarity located on the magnetospheric side. In G3, a tripolar structure
(+, —, +) also occurs within the southward jet, while only positive Hall magnetic field polarity is observed in the

——
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Figure 5. Analysis results for the bipolar jet event (G3) observed by MMSI at the magnetopause, with the same format as Figure 2. In panel (b), the red, black, and cyan
bars denote the three segments for the By estimate, and the guide field of 20.8 nT is shown by the dashed line. A sketch of the asymmetric Hall magnetic field patterns in
guide-field magnetopause reconnection is shown in panel (f), along with the MMS spacecraft trajectory from the magnetosphere to the magnetosheath for this event. The
red and blue color codes indicate the positive and negative Hall magnetic field polarities, respectively.
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Table 1
SHOS5 Results for the Three Event Studies
Gl G2 G3
k (GSE) (0.018, —0.868, —0.496) (0.320, —0.931, 0.178) (-0.139, —0.972, 0.187)
Vo (km/s) (74.4, =30.7, 56.3) (—229.0, —170.2, —478.0) (-21.7, -0.4, —18.3)
Uy, u (km/s) —30.6 + 3.4, —86.1 + 13.3 (—40.0, —9.0)" 134.5 + 13.6, 540.0 + 15.1 (130.0, 40.0)* 15.3 +3.9,22.1 9.2 (10.0, 15.0)°
Ey (mV/m) —0.247 £ 0.025 1.904 £+ 0.057 0.090 = 0.010
¢,, (degree) 36.5 £ 0.6 28+ 1.8 23.6 £ 0.8

Results of u, and u; based on Equation 2. *Results of u, and u; based on Equation 2 for the black bar.

northward jet. Overall, these observational results indicate that the number of Hall magnetic field polarities is not
identical for the oppositely directed jets in the asymmetric guide-field reconnection, as predicted by L. L. Sang
et al. (2019b).

In the Hall magnetic field estimation for the three events, the speed u, based on Equation 2 differs from that
obtained using the timing method based on the B; reversal. To further examine the speeds u,, and u;, we applied
the method of Sonnerup and Hasegawa (2005; hereafter SHOS) to estimate the invariant axis (l;) of a steady 2D
structure and its velocity (V) using electric and magnetic field measurements in the GSE coordinates. The SHO5
method is based on the principle that the electric field along the invariant axis (i.e., the 7 axis) remains spatially
constant within a steady 2D coherent structure. The analysis time interval for the SHOS method is indicated by the
two magenta dashed lines in Figure 3, which cover the current sheet crossing. The corresponding results for the
three events are summarized in Table 1. Sensitivity tests using slightly different analysis intervals yield consistent
SHOS results, with only minor deviations (Table 1). While good agreement is obtained for u,, a significant
discrepancy remains for ;. We note that for the estimation of the Hall magnetic fields, u,, is the more critical
parameter because the contribution associated with j; is dominant. Therefore, the main conclusions of our
analysis are not significantly affected by the uncertainty in ;.

In Table 1, ¢,, denotes the angle between 7/ and k. Consistent results are obtained when ¢,, 1s small. For G1,

however, the angle ¢,, is moderately large (~36.5°). Using the k vector to estimate the Hall magnetic field yields
u, = —40 km/s and u; = —20 km/s, consistent with the previous results, and the Hall magnetic field structure

remains unchanged (see Figure 6). In this case, n = ' xk = (0.931, 0.196, —0.309), m = 12, and

=i X f= (0.365, —0.456, 0.811), which define a new LMN coordinate system, where I'= (0.360, —0.341,
0.868) is the previous L axis. The inferred guide field is ~—2.8 nT, averaged over the analysis interval. Compared
with Figure 2b, the upstream guide fields on the two sides of the current sheet differ significantly, contrary to the
expectation for a uniform guide field. We note that the 7 axis used in the three event studies is consistent with that
obtained from the hybrid minimum variance analysis method employed in MMS reconnection event studies
(e.g., S. Eriksson et al., 2016; T. Phan et al., 2018), where 1 denotes the maximum variance direction, 7 is the

cross-product normal, and /1 = 7 X 1.

In Table 1, E,, denotes the reconnection electric field along the k axis. Except for G2, the sign of B, is consistent
with that of E|,. The relative polarity between the guide field and the reconnection electric field may influence the
electron dynamics near the electron diffusion region, including electron acceleration or deceleration and the
associated field-aligned currents. These effects may, in turn, influence the structure of the Hall magnetic fields.
However, a systematic investigation of this dependence requires a dedicated analysis and represents an important
topic for future work.

PIC simulations of asymmetric reconnection without a guide field (L. L. Sang et al., 2019a) showed that the
hexapolar Hall magnetic field structure evolves from a quadrupolar structure. This transition is driven by addi-
tional electron flows moving away from the X-line along magnetic field lines on the magnetosheath side of the
current sheet, thereby forming an additional Hall current loop (see Figure 4f). This evolution is enhanced by a
large magnetic field ratio (>2.0) and a low plasma density ratio (<0.33) across the current sheet. Although the PIC
simulations clearly identify that electron flows as the source of the additional Hall current loop, the fundamental
physical mechanism responsible for their formation remains unclear. One may ask whether the asymmetric Hall
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Figure 6. Validation results for the G1 event, in which the Hall magnetic field is estimated using the k vector. The panels are presented in the same format as Figure 2.

magnetic field structure represents a transient stage in the evolution from quadrupolar to hexapolar configura-
tions. However, no asymmetric Hall magnetic field structure was observed during this evolution. When a sub-
stantial guide field (>0.2 B) was introduced into an asymmetric current sheet, this evolution did not occur, and
the asymmetric pattern persisted (L. L. Sang et al., 2019b). Specifically, L. L. Sang et al. (2019b) investigated the
Hall magnetic field structures for three different guide-field strengths (B,/B, = 0.2, 1.0, and 1.5), using fixed
upstream magnetic field and density ratios (2.0 and 1/3, respectively). They found that the asymmetric Hall
magnetic field pattern persisted in all three cases (see their Figure 3). Overall, these simulation results suggest that
the asymmetric pattern may not be a transient phenomenon. A substantial guide field appears to play a key role in
producing the asymmetric Hall magnetic-field pattern in an asymmetric reconnecting current sheet.

In conclusion, this study provides the first observational evidence of an asymmetric Hall magnetic field structure
in guide-field magnetopause reconnection. Our results support the kinetic predictions of asymmetric electron—ion
decoupling and indicate that guide fields play an important role in shaping Hall current systems. These findings
provide an observational framework for future investigations of how guide fields influence the conversion of
magnetic energy (e.g., Y. K. Shu et al., 2022) and its distribution between electrons and ions during asymmetric
reconnection.
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