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Abstract The MESSENGER spacecraft typically crossed Mercury's magnetotail current sheet relatively
close to the planet, that is, less than 2.5 R,; (planet radius; 2,440 km). Magnetometer measurements are used to
detect active reconnection events by identifying the quadrupole Hall magnetic field signatures that form about
X-lines. Statistical analyses of the 51 active reconnection events detected in this manner indicate that they occur
most frequently on the duskside and typically at a mean altitude greater than 1.5 R,,. In contrast, the dawnside
events occur at altitudes of ~1 R,;. In addition, a higher recurrence rate of flux ropes formed in the Hall region
was observed on the dawnside. Applying the Kan-Lee solar wind-magnetosphere coupling function confirmed
that these near-tail reconnection events at Mercury are observed under strong forcing by the interplanetary
magnetic field. We further propose that the reconnection-driven nightside magnetosphere-planet interaction is
characterized by a pronounced dawn-dusk asymmetry and may significantly influence the near-Mercury space
environment.

1. Introduction

Magnetic reconnection is a universal fundamental plasma process that alters the topology of magnetic fields
and converts magnetic energy into plasma energy (e.g., Lee & Lee, 2020). Similar to Earth, reconnection occurs
at Mercury's dayside magnetopause and in the nightside magnetotail current sheet. allowing the input of solar
wind energy and driving the global magnetic flux and plasma circulation in the magnetosphere (e.g., Slavin
et al., 2021). The strong solar wind driving, weak intrinsic magnetic field (Anderson et al., 2011), and lack of
significant ionosphere, combined with relatively small scale of the magnetosphere (e.g., Winslow et al., 2013;
Zhong et al., 2015), may result in reconnection at Mercury that differs from that at Earth. Especially, Mercury's
magnetosphere is much more responsive to the interplanetary magnetic field (IMF) direction and is more domi-
nated by the effects of reconnection than that of Earth or of the other magnetized planets (Slavin et al., 2009).

At Earth, tail reconnection, which is widely considered to be responsible for triggering substorm onset (e.g.,
Angelopoulos et al., 2008), is preferably initiated on the duskside (e.g., Eastwood et al., 2010; Nagai et al., 2015).
Geotail flux rope (FR) and Cluster traveling compression region (TCR) observations show this asymmetry at
Earth very clearly (Slavin et al., 2005). They found that FR and TCR events in the near-nightside plasma sheet
and lobes, respectively, occur more frequently, and have larger cross sections and higher bulk speeds on the dusk-
side as compared to the dawnside of Earth's magnetotail. These FR and TCR observations favoring reconnection
onset and peak intensity on the duskside of the magnetotail are consistent with numerous studies of the cross-tail
current sheet showing it to be thinner on the duskside, on average, with increased asymmetry favoring the onset
of reconnection just prior to substorms (Artemyev et al., 2016).

Mercury's tail current sheet, on average, is also thinner on the duskside than on the dawnside (Poh et al., 2017a;
Rong et al., 2018). As thin current sheets are closely associated with the onset of magnetic reconnection, it is
expected that the occurrence of reconnection would also be more frequent on the duskside than on the dawnside.
Nevertheless, reconnection-related magnetic structures or phenomena, for example, dipolarizations, flux ropes,
and energetic electron injections, are more typically observed by the MESSENGER spacecraft on the dawnside
than on the duskside (e.g., Dewey et al., 2020; Lindsay et al., 2016; Smith et al., 2017; Sun et al., 2016). Some of
these magnetotail asymmetries at Mercury have been reproduced by simulations of reconnection and magnetic
flux transport that consider the east-west spatial extents of reconnection X-lines, that is, 10’s ion inertial lengths
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(d) in Mercury's magnetotail, which has a diameter estimated to be a few 10’s di (Chen et al., 2019; Dong
et al., 2019; Liu et al., 2019). As first proposed by Lu et al. (2018), the reconnection flows sunward from finite
length X-lines that form in the duskside cross-tail current sheet and the magnetic flux that they transport will tend
to follow the electron flow and be diverted eastward or toward the dawnside. At Mercury, where the tail width is
comparable to the east-west length of the reconnection X-lines, this eastward diversion of magnetic flux transport
may result in duskside reconnection driving strong convection, dipolarization fronts, flux ropes, and magnetic
flux transport on the dawnside as opposed to the duskside (Liu et al., 2019).

A comparative analysis of tail flux rope polarities for three MESSENGER flybys under different IMF conditions
implied that the near-Mercury neutral line locations can be significantly changed (Slavin et al., 2012). During
MESSENGER's three equatorial flybys, the location of reconnection X-lines in Mercury's tail were observed
to be at a downstream distance of X,,q, ~ —1.8 to —2.8 R, when the IMF was southward and substorm-like tail
magnetic flux loading and unloading events were observed (Slavin et al., 2012). However, the average location of
the tail X-lines was later inferred to be at a downstream distance of X\, ~ -3 R, using current sheet crossings
and flux rope observations during the 4-year orbital phase (Poh et al., 2017b; Smith et al., 2018).

The distance at which reconnection events form in the Earth's magnetotail is shown to decrease as the rate of
energy input at the magnetopause increases and increase as the energy transfer rate, or power, decreases (Nagai
et al., 2005). On a few occasions, tail reconnection can even occur near the geosynchronous orbit driven by
the enhanced solar wind dynamic pressure and southward magnetic field (e.g., Angelopoulos et al., 2020). Under
strong solar wind driving, Mercury's tail reconnection is expected to be closer to the planet and thus detectable
by the MESSENGER in the near-tail. Such an extremely driven reconnection in the near-Mercury magnetotail
was first reported by Zhong et al. (2018). Their observations revealed the rapid and impulsive nature of the
exceedingly driven reconnection signatures during a period of ~35 s, during which the average reconnection
rate can reach 0.2. In another active reconnection event, driven by an ICME, multiple X-line reconnections were
dominant in the tail current sheet, which drove Mercury's magnetospheric dynamics globally and continuously
produced flux ropes (Sun et al., 2020a; Zhong et al., 2020a). These observations suggest that reconnection and
energy dissipation in Mercury's near-tail can be continuous in the planetward of MESSENGER's < 2.5 R, tail
traversals during its ~4-year orbital phase.

Here, we identified reconnection events in Mercury's magnetotail current sheet throughout the entire MESSEN-
GER mission. A pronounced dawn-dusk asymmetry in the near-Mercury tail reconnection is revealed. Similar
to Earth, more reconnection events were observed on the duskside. On the dawnside, the reconnection events
were observed closer to the planet and produced flux ropes at higher rates and in greater total numbers. These
near-Mercury reconnection events are closely related to the strong southward interplanetary magnetic fields
upstream of Mercury. Hence, they may represent a directly driven response to the IMF rather than a pattern of tail
loading followed by a spontaneous or triggered releases of stored magnetic energy from the lobes as sometimes
observed (Imber & Slavin, 2017; Slavin et al., 2010). Our new findings are important for better understanding and
physical modeling of Mercury's small magnetosphere located in relative proximity to the Sun. For this reason,
our results may have applicability to the interaction of stellar winds with terrestrial-type exoplanets in tight orbits
about their stars (See et al., 2014).

2. Reconnection Events in Mercury's Magnetotail
2.1. Identification of Reconnection Events

A key signature for identifying active reconnection is the quadrupole Hall magnetic field structure, resulting
from ion-electron decoupling in the ion diffusion region (Sonnerup, 1979). In the reconnection events during
orbits 503 and 877 (Zhong et al., 2018, 2020a), the MESSENGER south-to-north crossed the tail current sheet
and observed a significant positive-to-negative bipolar feature in the out-of-plane magnetic field component B,,
with overall negative By. Another key reconnection feature is the formation of multiple flux rope (FR) struc-
tures. FRs are commonly identified from magnetic field data, by the positive-to-negative (tailward moving) or
negative-to-positive (planetward moving) polarity in By, coincident with the enhancements in B,, and/or total
field IBI. In two events, the observed FRs with positive-to-negative polarity in By, suggest that these reconnection
structures were moving tailward and passing the spacecraft sequentially. Both the quadrupole Hall magnetic
field structures and FR signatures are consistent with that the spacecraft was located tailward of the reconnection
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Figure 1. (a) The basic theoretical structure of the reconnection quadrupole Hall magnetic field in the local current sheet
coordinate (LMN) system. (b—d) Predicted Hall magnetic field detected in the MN and LN planes when the spacecraft
north-south crossing of reconnecting current sheet in three cases: (1) the planetward of the X-lines (Case 1), (2) X-lines
region (Case 2), and (3) the tailward of the X-lines (Case 3).

™
L

region where multiple X-lines were initialized during the whole crossing, as the basic theoretical structure of
quadrupole Hall magnetic field illustrated in Figures la and 1d. In a local tail current sheet coordinate system
(LMN), L is directed along the reconnecting component of the magnetic field pointing planetward, M is along
the guide field (X-line) direction pointing duskward, and N is the current sheet normal pointing northward. If the
spacecraft cross the current sheet planetward of the X-lines, the magnetic field component By is expected to be
positive, and the Hall magnetic field (in the By, component) exhibits the same polarity as the reconnection field
B, (Figure 1b).

These quadrupole Hall magnetic field patterns were used to search for near-Mercury's active reconnection events.
Magnetic field data from the Magnetometer (MAG) (Anderson et al., 2007), assisted by the ion flux data from
the Fast Imaging Plasma Spectrometer (FIPS) (Andrews et al., 2007), were used to identify the current sheet
or plasma sheet crossings. We chose the solar wind-aberrated Mercury solar magnetospheric (MSM) coordi-
nate, assuming the radial solar wind velocity 400 km/s, for analyses performed in this study. The LMN coordi-
nates can be commonly well determined by the minimum variance analysis of the magnetic field (Sonnerup &
Scheible, 1998). While in a few cases, the N direction may not be accurately obtained from variance analysis due
to the insufficient separation between the intermediate and minimum eigenvalues. An alternate method for the
normally expected magnetotail configurations to determine the N and M direction, that is, N = L X (z,y X L)
and M = N X L, was performed well for Mercury, as adopted in the analysis of the reconnection event during orbit
877 (Zhong et al., 2018). For most events, there is only a slight difference between the two methods, which does
not affect the identification of the Hall magnetic field. In this study, we present the results of the latter uniformly.

2.2. Reconnection Event During Orbit 3630

An overview of the MESSENGER observations of the tail current sheet crossing during orbit 3630 is shown in
Figures 2a—2e. The magnetic field data were rotated to the LMN coordinates. Relative to the aberrated MSM coor-
dinate system, L = (0.98, —0.17, 0.15), M = (0.17, 0.99, 0), and N = (—0.14, 0.02, 0.99). During the main current
sheet crossing, the negative-to-positive reversal in B, indicates north-south crossing of the current sheet. The
average By from 5-s smoothed data (gray traces) is negative throughout the crossing. The out-of-plane magnetic
field component By, shows an overall positive-to-negative bipolar signature, with a reversal at ~07:07:04 UT.
The Hall magnetic field is also evident in the magnetic field hodograms (Figures 2f and 2g), as predicted by the
theory in Figure 1d. The Hall magnetic field structure is slightly distorted, probably due to the presence of a weak
negative guide field during the reconnection.
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MESSENGER observations of Mercury's tail reconnection orbit 3630
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Figure 2. MESSENGER observations of magnetic reconnection in Mercury's magnetotail during orbit 3630. (a—d) Magnetic
field magnitude and its three components in the LMN coordinates. (¢) Spectrogram of the ion differential energy flux

(em~2 sr~! s~ keV~!). Three long-duration FRs, labeled FR1-3, were identified from the 5 s smoothed magnetic field data
(gray traces). The sequential crossing of X-lines, Hall magnetic field perturbations are marked by purple and blue arrows,
respectively. The FRs identified from the high-resolution data are marked in (d). (f, g) Magnetic field hodograms in the B, -By
and B, -By, planes, respectively, plotted through the time interval between two vertical dashed lines (identified as the Hall
region). Blue (green) denotes positive (negative) By data. The thick trajectories are the median values with 5 nT bin-smoothed
magnetic field hodograms.

The large perturbations of the Hall magnetic field and the formation of FRs suggest that the evolution of the
reconnection was highly unstable. From high-resolution magnetic field data sampled at 20 s~!, a large number
of small-scale FRs with timescales of ~1 s can be identified (red arrows). The typical timescales of ~1 s may
correspond to the ion-scale structures. The positive-to-negative polarities in By, are indicative of tailward moving
FR structures. The interaction and coalescence of multiple FRs into larger ones are a common reconnection
signature in Mercury's space, not only in the tail current sheet but also at the magnetopause, as comprehensively
analyzed by Zhong et al. (2020a, 2020b). The key observational feature is that the long-duration bipolar By
(smoothed) structure consisted of multiple successive short-duration bipolar variations. Three long-duration FRs,
labeled FR1-3, were clearly identified from the smoothed data before the spacecraft close to the current sheet
center. The negative-to-positive reversals of By just before FRs FR1-3 and subsequent positive perturbations
of the Hall magnetic field in the FRs leading part indicate that the spacecraft passed multiple tailward moving
X-lines, as denoted by the purple arrows in Figure 2d. These tailward moving reconnection structures further
confirm that the X-lines were initialized in the planetward of the spacecraft.

2.3. Reconnection Event During Orbit 3378

An overview of the MESSENGER observations of the tail current sheet crossing during orbit 3378 is shown in
Figures 3a—3e. The magnetic field data were rotated to the LMN coordinates. Relative to the aberrated MSM
coordinate system, L = (0.96, —0.27, 0.11), M = (0.27, 0.96, 0), and N = (—0.10, 0.03, 0.99). The spacecraft
north-south crossed the main current sheet at ~02:39:00 UT, indicated by the negative-to-positive reversal in B, .
In this event, the guide field B, ~ 6 nT. The magnetic Hall field, B, = (B, — B,), shows a positive-to-negative
reversal at the current sheet center. The average By (smoothed data) is overall positive throughout the crossing.
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Figure 3. MESSENGER observations of magnetic reconnection in Mercury's magnetotail during orbit 3378. The layout is
the same as in Figure 2.

These magnetic field signatures suggest that the spacecraft crossed the planetward of the X-line during the current
sheet crossing. The Hall magnetic field is also evident in the magnetic field hodograms (Figures 3f and 3g), as
predicted by the theory in Figure 1b.

The passage of the X-line and consequent long-duration or large-scale FR were also observed in this event. After
the MESSENGER crossed the current sheet into the southern hemisphere, the By dropped and became negative
at ~02:39:08 UT (purple arrow in Figure 3d). The reversal of By from positive-to-negative corresponds to the
reversal of By; from negative-to-positive, indicating that a planetward moving X-line passes through the space-
craft. Following the X-line is a large-scale FR (FR2). The negative-to-positive polarity suggests a planetward
moving FR structure. Such large-scale planetward moving FR (FR1) was also encountered before the current
sheet crossing, when the spacecraft was located in the northern hemisphere. These planetward moving reconnec-
tion structures further confirm that the X-lines were initialized in the tailward of the spacecraft.

2.4. Reconnection Event During Orbit 2809

When the MESSENGER crossing X-lines region closely enough, the full quadrupole Hall magnetic field struc-
tures may be detected by a single spacecraft. An example is shown in Figure 4. The magnetic field data were rotated
to the LMN coordinates. Relative to the aberrated MSM coordinate system, L = (0.97, 0.23, 0.03), M = (-0.23,
0.97,0), and N = (-0.03, —0.01, 1.00). The spacecraft crossed the tail current sheet from north (B, > 0) to south
(B, < 0) close to the planet at ~1.76 Ry, downstream. In this event, the guide field B, ~ 4 nT. The clear multiple
B, reversals indicate that the spacecraft was passed by X-lines or O-lines. The duration of positive and negative
By is almost equal, which makes X-lines or O-lines not well identifiable. The By and (By; — B,) have the same
sign in the northern hemisphere and opposite signs in the southern hemisphere. Each By reversal corresponds to a
reversal in B,,. These observations are consistent with the quadrupole Hall magnetic field patterns. The signatures
in the magnetic field hodograms (Figures 4f and 4g) show a combination of the former two cases. The presence
of such hodograms is most probably because the MESSENGER crossed the X-lines region sufficiently and the
reconnection occurred under the rapidly evolving process in Mercury's magnetotail.
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Figure 4. MESSENGER observations of magnetic reconnection in Mercury's magnetotail during orbit 2809. The layout is

the same as in Figure 2.

A close-up view of multiple FRs observations during 02:36:00-02:37:20 UT is shown in Figure 5. At least 32
FRs can be clearly identified during the 80-s interval. Some clustering FRs may interact and merge into larger
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Figure 5. Close-up view of multiple flux rope (FR) observations. From top
to bottom, magnetic field magnitude, By, and By. Vertical blue and red dashed
lines are identified planetward (negative-to-positive polarity) and tailward
(positive-to-negative polarity) moving FRs, respectively. The blue and red
arrows mark two typical examples of FRs moving toward an X-line. The gray
bar marks an example of multiple small-scale FRs merging into a large one.

ones; a typical example is marked by gray bar. Both positive-to-negative
(tailward moving) and negative-to-positive (planetward moving) bipolar
By signatures are observed. If the spacecraft is passed by a single X-line,
the motion of FR structures is expected to be away from the X-line.
However, some of FRs are observed moving toward the detected X-line, as
indicated by the case of the positive-to-negative (negative-to-positive) By
polarity within the positive (negative) By region. Two typical examples are
marked by arrows. A natural explanation is that another X-line occurred
simultaneously nearby. These FR observations further suggest that the
spacecraft was sufficiently close to the X-lines region where reconnection
was triggered.

3. Statistical Results

We surveyed 4 years of MESSENGER data including 4,084 orbits, from
March 2011 to April 2015. A total of 51 reconnection events (Support-
ing Information S1, including orbits 877 and 503) were visually identified
with clear Hall magnetic field signatures that showed consistency with the
prediction theory (Figure 1). Using quadrupole Hall magnetic field patterns
to identify the reconnection events requires that the reconnection remain
continuous or active during the current sheet crossing and be close enough
to the spacecraft. During the majority of near-planet tail crossings, especially
with dense and thick plasma sheets (Zhao et al., 2020), Hall magnetic fields
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Figure 6. Spatial distribution of near-Mercury reconnection events observed by MESSENGER. (a) Location of events in the
aberrated MSM X’-Y” plane. The solid curve represents the average magnetopause from the three-dimensional model (Zhong

et al., 2015). Blue, red, and green denote the events with crossing the planetward side of the X-lines (Case 1), crossing of
X-lines region (Case 2), and crossing the tailward side of the X-lines (Case 3), respectively. The background gray dots represent
tail equator crossings during the whole orbital mission. (b) Reconnection events occurrence as a function of the magnetic local
time (MLT). (c) Total number of observed flux ropes (top) and occurrence rate (bottom) as a function of the MLT.

were not observed. This imply that the reconnection, if existing, is commonly intermittent or the normal location
of X-lines is far downstream from the coverage of the MESSENGER.

According to the observed quadrupole Hall magnetic field, we categorized the reconnection events into (a) cross-
ing the planetward side of the X-lines (Figure 1b, Case 1), (b) crossing of X-lines region (Figure 1c, Case 2),
and (c) crossing the tailward side of the X-lines (Figure 1d, Case 3). A few reconnection events observed with
the Hall magnetic field in three quadrupoles are classified into Case 2. The three categories have 27, 19, and 5
events, respectively.

3.1. Dawn-Dusk Asymmetry: Reconnection Sites and Flux Rope Formation

The spatial distribution of the reconnection events in the magnetic equator plane of the aberrated MSM coor-
dinate is shown in Figure 6a. These reconnection events occur beyond 1.5 R,, downstream of the planet in
the region of Y’ = —1.5 to 1.5 R,;, or magnetic local time (MLT) 21 to 03 hr (Figure 6b). There are 30 and 21
events on the duskside and dawnside, respectively, with a maximum occurrence corresponding to the premidnight
region (MLT 23 to 00 hr). Notably, the MESSENGER tail equator crossings during the whole orbital mission
were evenly distributed around midnight (gray dots in Figure 6a). The greater number of events on the duskside
indicates a higher occurrence rate of near-planet tail reconnection. An alternative explanation for this asymmetric
reconnection location is that the dawn-dusk width of the reconnection site is probably below 3 R, (1 R, corre-
sponds to ~10-30 proton inertial scales), with its center in the premidnight region.

On the duskside, the majority of events are planetward crossings of the X-lines (Case 1, blue color), indicating
that the reconnection sites on the duskside are typically beyond X',,q\; = —2 R,,. However, on the dawnside, the
events are mostly crossings of the X-lines region (Case 2, red color), or tailward crossings of the X-lines (Case
3, green color). These tailward crossing events are mostly observed far on the dawnside. These indicate that the
reconnection site is closer to the planet on the dawnside than on the duskside.

The formation of multiple FR structures is common in these active reconnection events. The FRs with By
bipolar amplitude greater than 8 nT observed in the Hall region were selected for statistical analyses. We
calculated the FR occurrence rate for each event by (N — 1)/(AT), where N is the total FR number and AT
is the time separation from the first to the last FR. The occurrence rate of FRs for these active reconnection
events ranges from 2 to 18 counts/min (Figure 7a). For events in Case 1, the median value of the FR occur-
rence rate is ~4 counts/min, while, for events in Cases 2 and 3, FRs were more frequently detected, with
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Figure 7. Statistical analysis of flux ropes in the Hall region. (a) Flux rope (FR) occurrence rate for each reconnection event.
(b) Total number of the observed FRs (top) and occurrence rate (bottom) as a function of the magnetic local time (MLT).

an occurrence rate almost greater than 5 counts/min. Although the total Hall region observation time on
the duskside (116 min) is longer than on the dawnside (108 min), the total number of detected FRs is more
on the dawnside (Figure 7, top). The averaged recurrence rate of FRs is higher on the dawnside than on the
duskside (Figure 7, bottom). The number and occurrence rate of FRs are maximum in the postmidnight region
(MLT 00 to 01 hr).

The FR recurrence rate of these reconnection events is much higher than those detailed in previous statistical flux
rope surveys (Smith et al., 2017; Sun et al., 2016). Applying an automated method, Smith et al. (2017) found that
the majority of crossings did not feature any flux ropes within the 319 plasma sheet crossings, and the average
peak rate of FRs is only 0.25 min~! in postmidnight and only occasionally up to ~5 min~! during active intervals.
Since only cylindrical and force-free FRs were identified, their results may be underestimated. The much higher
FR recurrence rate of our events is most likely due to the fact that the reconnection process remains active and
occurs in the vicinity of the spacecraft.

3.2. Correlation With Strong IMF Forcing

The IMF measured just upstream of inbound and outbound bow shock is shown in Figure 8a. The observed
reconnection events occurred under strong IMF conditions, with magnitudes predominantly above the aver-
age value (~24 nT). After being compressed by the bow shock, the perpendicular component (in the Y’'-Z’
plane) of the magnetic field could be further enhanced in the magnetosheath and draped outside the dayside
magnetopause. Evidently, the observed reconnection events are associated with a strong perpendicular
component of the magnetosheath field (B, ~ 100 nT) and preferably occur under southward (B, < 0) condi-
tions (Figure 8b).

In theory, both the high magnetosheath magnetic field and the large magnetic shear across the magnetopause
can increase the dayside reconnection rate (Sonnerup, 1974). The transportation of the magnetic flux from solar
wind into the magnetosphere is closely related to the polar cap electric field, E, = vgy, - By, - sin*(6/2), where
Ve 18 the solar wind speed, perpendicular IMF B, = (B> + B,?)°%3, and clock angle 6 = tan~!(By, B,) (Kan &
Lee, 1979). Because FIPS had an obstructed view of the solar wind beam by the sunshade, the upstream solar
wind speed cannot be derived (Raines et al., 2011). For the first order, we use the function, Fi, = By, - sin%(6/2)
to denote the reconnection level of the IMF driving, using the magnetic field measured in the magnetosheath just
outside dayside magnetopause. In Figure 8c, the orbit number (top) and occurrence rate of the observed recon-
nection events (bottom) are plotted as a function of Fyy,. It is clear that the near-Mercury reconnection occurrence
rate strongly depends on Fyp,. Eight-five percent of the reconnection occurrence rate is found under strong IMF
forcing with Fi, > 80 nT.
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4. Discussion

For the first time, we present a comprehensive analysis of reconnection in near-Mercury magnetotail observed by
the MESSENGER spacecraft. Applying an IMF reconnection driving function, we found that the occurrence of
these events is highly preferred under extreme IMF driving. On average, the dayside reconnection rate at Mercury
would be greater than at Earth due to the low Alfvén Mach number conditions in the inner solar system (Slavin
& Holzer, 1979), especially under the large magnetic shear angles and low plasma beta in the magnetosheath
(DiBraccio et al., 2013; Sun et al., 2020b). Under extreme IMF driving, strong IMF reduces the upstream Alfvén
Mach number and decreases the heating of the solar wind as it passes through the bow shock. The final result is a
low beta magnetosheath with strong magnetic fields that frequently become comparable in magnitude to the field
just inside the magnetopause (Gershman et al., 2013). The reconnection rate of such “symmetric” reconnection,
that is, the intensity of the magnetic fields on either side of the magnetopause that become more symmetric, are
found to be even faster (Slavin et al., 2019).

The resulting intense dayside reconnection could quickly and continuously feed the magnetic flux into the tail.
Majority of the tail reconnection events identified here were involving the lobe field rapid reconnection; see
detailed analysis of orbit 503 as an example (Zhong et al., 2018). The lower limit of the reconnection duration
inferred from the average ion diffusion region (or Hall region) crossing time is 4.5 + 2.0 min, confirming that
the tail reconnection can be continuous and stable over a prolonged period, considering the typical 3—4 min
Dungey-cycle timescale (Imber & Slavin, 2017). A long-lasting balance between the magnetic flux transport at
the nightside and dayside is expected. These are consistent with direct driving by the IMF due to the short time
response of Mercury's tiny magnetosphere (Luhmann et al., 1998).

Statistical analyses of these continuous and quasi-stable reconnection events in the magnetotail revealed that
reconnection occurs more frequently on the duskside, with spatial distribution centered in the premidnight region.
In addition, the Hall magnetic field reversals suggested that reconnection is closer to the planet on the dawnside.
Similar to the Earth, the thinner premidnight tail current sheet at Mercury (Poh et al., 2017a; Rong et al., 2018)
likely triggers magnetic reconnection easily, resulting in more frequent reconnection on the duskside than on the
dawnside. Conversely, planetary heavy ions, particularly Na*, are enhanced on the duskside via mass loading
from the dayside cusps (Delcourt, 2013; Raines et al., 2013). These heavy ions on the duskside may reduce
the upstream Alfvén speed, thereby reducing the reconnection rate and activity (e.g., Shay & Swisdak, 2004),
compared with the dawnside. These may explain that more FRs in the ion diffusion region and their higher gener-
ation rate are observed on the dawnside. Herein, the spacecraft closer to the reconnection region on the dawnside
may also affect the observational bias of the flux rope occurrence.

Notably, on the dawnside, the average location of the reconnection could be 2 R,, downstream or even closer
to the planet, that is, ~2,000 km above the nightside surface. The reconnection-produced energetic particles
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possibly have a direct impact on the planet surface. Considering the distance of the reconnection site, the particles
reaching the planet's surface along the reconnected field lines are expected at a lower latitude on the dawnside
than that on the duskside. Additionally, the weaker planetary surface magnetic field at the low latitude results in
a larger loss cone angle; thus, the ratio of the precipitating particle flux would be larger on the dawnside. Note
that the northward offset of Mercury's dipole field (Anderson et al., 2011) also modifies the characteristics of the
loss cone between the northern and southern hemispheres (Korth et al., 2014; Winslow et al., 2014). Conversely,
such reconnection particle precipitation may occur more frequently on the duskside, where more reconnection
events were observed. This asymmetry in the nightside reconnection-driven magnetosphere-planet interactions
and its influence on the near-Mercury space environment can be analyzed via the simultaneous observations in
both midtail and near-planet regions from the forthcoming dual spacecraft of the Bepi-Colombo mission (e.g.,
Milillo et al., 2020; Saito et al., 2021).

Data Availability Statement

MESSENGER data are available from the Planetary Data System (MAG: https://pds-ppi.igpp.ucla.edu/
search/view/?f=yes&id=pds://PPl/mess-mag-calibrated/data/mso; FIPS: https://pds-ppi.igpp.ucla.edu/search/
view/f=yes&id=pds://PPl/mess-epps-fips-derived/data/espec). The list of the identified near-Mercury's tail
reconnection events and flux ropes is available in the Supporting Information S1.
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