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convection

W. J. Sun!, J. A. Slavin!, R. M. Dewey!, Y. Chen', G. A. DiBraccio?, J. M.
Raines', J. M. Jasinski®, X. Jia!, M. Akhavan-Tafti!

IDepartment of Climate and Space Sciences and Engineering, University of Michigan, Ann Arbor,

Michigan 48109, USA.
2Solar Sgystem Exploration Division, NASA Goddard Space Flight Center, Greenbelt, Maryland, USA.
NASA Jet Propulsion Laboratory, California Institute of Technology, California, USA.

Key Points:

« Coronal mass ejections drive more intense nightside reconnection than high speed
streams

¢ Under extreme conditions, magnetic reconnection produces a distorted Hall mag-
netic field pattern in the plasma sheet.

« Continued intense solar wind forcing does not produce substorm magnetic flux load-
ing and unloading of tail lobe instead steady convection
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Abstract

Mercury’s nightside magnetosphere is investigated under the impact of a coronal mass
ejection (CME) and a high-speed stream (HSS) with MESSENGER observations. The
CME was shown to produce a low plasma [ (ratio of thermal pressure to magnetic pres-
sure) magnetosheath, while the HSS creates a higher 5 magnetosheath. Reconnection
at the dayside magnetopause was found to be stronger during the CME than the HSS

but both were stronger than the average condition (Slavin et al., 2014, doi:10.1002/2014JA020319).

Here we show that the CME and HSS events produced large number of flux ropes and
dipolarization fronts in the plasma sheet, respectively. The occurrence rates for the struc-
tures were approximately two orders of magnitude higher than under average conditions
with the rates during CME’s being twice that of HSS’s. The flux ropes appeared as quasi-
periodic flux rope groups. Each group lasted approximately one minute, and had few large
flux ropes followed by several smaller flux ropes. The lobe magnetic flux accounted for
around half of the Mercury’s available magnetic flux with the flux during CME’s being
larger than that of HSS’s. The CME produced a more dynamic nightside magnetosphere
than the HSS. Further, for the CME event, the tail magnetic reconnection produced a
distorted Hall magnetic field pattern and the X-line had a dawn-dusk extent of 20% of
the tail width. No magnetic flux loading and unloading events were observed suggest-

ing that, during these intense driving conditions, Mercury’s magnetosphere responded
with a type of quasi-steady convection as opposed to the tail flux loading-unloading events
seen at Earth.

1 Introduction

Mercury is the smallest and the innermost planet in the Solar System with an aphe-
lion of ~ 0.47 AU and a perihelion of ~ 0.31 AU, in which AU is the distance from Earth
to the Sun. Three Mercury’s flybys by Mariner 10 in the 1970s discovered the planet’s
intrinsic magnetic field (Ness et al., 1974), which is in the same magnetic polarity as that
of Earth’s but is much weaker in magnitude. Later studies, especially those based on mea-
surements from MErcury Surface, Space ENviroment, GEochemistry, and Ranging (MES-
SENGER) (Solomon et al., 2001), show that the intrinsic magnetic field is highly dipole
and closely aligns (< 0.8°) with the planet’s rotation axis. The magnetic equator has

a northward offset of ~ 0.2 Rj; (where Ry is Mercury’s mean radius, one Ry is ~ 2440 km)

and the dipole moment is ~ 190 nT-R3, (Alexeev et al., 2008; Anderson et al., 2010,
2012). In Mercury’s orbit, strong interplanetary magnetic field (IMF) intensity and high
solar wind density result in low Alfvén Mach number (e.g., Russell et al., 1988; Saran-
tos & Slavin, 2009), which favors thick plasma depletion layers to form in front of the
dayside magnetopause and lead to high dayside dimensionless reconnection rate (~ 0.15)
(Scurry et al., 1994; DiBraccio et al., 2013; Gershman et al., 2013; Slavin et al., 2009,
2014). The small dipole moment and the strong solar wind dynamic pressure make the
planet occupies a large portion of the magnetosphere with the average standoff distance
from the dipole center to the subsolar magnetopause of ~ 1.5 Rj; (Ness et al., 1976;
Slavin et al., 2010; Winslow et al., 2013).

Magnetic reconnection at the dayside magnetopause (e.g., Mercury and Earth) cre-
ates open field lines with one end connecting to the planets and the other end to the IMF.
The open field lines enable shocked solar wind plasma to enter magnetospheres. As the
open field lines convect anti-sunward, plasma populations in the open flux tubes connect-
ing the cusp may precipitate or mirror away and then transport to nightside lobes and
form plasma mantle. There are observations on the plasma mantle in Earth’s magne-
tosphere (Rosenbauer et al., 1975; Sckopke et al., 1976) and Mercury’s magnetosphere
(DiBraccio, Slavin, Raines, et al., 2015; Jasinski et al., 2017). The open field lines in the
lobes convect toward the magnetic equatorial plane and are closed by magnetic recon-
nection in the cross-tail current sheet, and then convect to the dayside magnetosphere
where it can be opened again through the dayside magnetopause reconnection. The cir-
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culation of plasma, magnetic flux and energy in this process constitutes the Dungey cy-
cle (Dungey, 1961).

In Earth’s magnetosphere, the solar wind-magnetosphere-ionosphere coupling pro-
duces several magnetospheric modes. The magnetospheric modes include substorms (e.g.,
Akasofu, 1964; Baker et al., 1996; McPherron et al., 1973), steady magnetospheric con-
vection events (SMCs) (e.g., Pytte et al., 1978; Sergeev et al., 1996), and sawtooth os-
cillations (e.g., Belian et al., 1995). During the substorms, magnetic flux loads into the
tail lobes and then unloads through magnetotail reconnection, which corresponds to the
magnetic flux loading-unloading. Substorms normally persist ~ 1 to 3 hours. In the SMCs,
magnetic reconnection continue to occur in the magnetotail, but magnetic field inten-
sity in the lobes remain stable. SMCs often last a period of several substorms (> 5 to
10 hours). In the SMC, flux transfer rates in and out of the magnetotail should be equal,
which also termed as continuous magnetospheric dissipation (CMD) (Tanskanen et al.,
2005). The sawtooth oscillations are consisted of quasi-periodic Dungey cycles with mag-
netic flux amplitude in the tail lobes much stronger than that of isolated substorms (Huang
et al., 2003; Henderson et al., 2006). Isolated substorms refer to substorms without neigh-
boring substorms within few hours. Solar wind drivers are distinct for the magnetospheric
modes at Earth. SMC events and sawtooth oscillations require solar wind speed and IMF
southward B, to be steady in a period of several substorms, and the intensity of the drivers
of sawtooth oscillations are stronger than those of SMC events. However, isolated sub-
storms do not require steadiness and intensity of the drivers (O’Brien et al., 2002; De-

Jong et al., 2009; Pulkkinen et al., 2007; Partamies et al., 2009). On the other hand, sev-
eral studies show that the ionosphere could play a role in the sawtooth oscillations (Brambles
et al., 2011; Zhang et al., 2016).

Magnetic reconnection-related structures, including magnetic flux ropes and dipo-
larization fronts, are often observed in Mercury’s magnetotail (Slavin et al., 2009; Slavin,
Anderson, et al., 2012; DiBraccio, Slavin, Imber, et al., 2015; Sun et al., 2016, 2018; Dewey
et al., 2017, 2018; Zhao et al., 2019). The occurrence rates of the reconnection-related
structures are around an order of magnitude higher at Mercury than at Earth implying
a more dynamic plasma sheet in Mercury’s magnetotail (Sun et al., 2016; Smith et al.,
2017, 2018). The reconnection-related structures are more frequently observed on the
dawnside plasma sheet than on the duskside (Sun et al., 2016, 2017; Smith et al., 2017),
which is different to the duskside prominent reconnection features in Earth’s plasma sheet
(e.g., Nagai et al., 1998; Slavin et al., 2005; Imber et al., 2011). Recent three dimensional
PIC simulations suggest that the short dawn-dusk extent of Mercury’s magnetotail ac-
counts for the difference in the dawn-dusk distributions of the magnetotail reconnection
between the two planetary magnetospheres (Y.-H. Liu et al., 2019; Y. Chen et al., n.d.).
In a possible encounter of magnetic reconnection diffusion region in Mercury’s magne-
totail, Zhong et al. (2018) reported a dimensionless reconnection rate of ~ 0.2 from the
magnetic field measurements. In recent Magnetospheric Multiscale (MMS) studies in the
Earth’s cross-tail current sheet, dimensionaless reconnection rates range from ~ 0.1 to
0.2 (Genestreti et al., 2018; Nakamura et al., 2018).

In the studies by Slavin et al. (2014) and Jia et al. (2019), the authors investigated
the characteristics of dayside magnetosphere under impacts of solar wind extreme events,
including thick plasma depletion layer, low-altitude subsolar magnetopause and induc-
tion currents in Mercury’s interior. Slavin et al. (2014) investigated three events, which
are two Coronal Mass Ejection (CME) on 23 November 2011 and on 8 May 2012 and
one high-speed stream (HSS) on 11 May 2012. The inferred solar wind pressures for the
three events are from 45 to 60 nPa, and the distance of the subsolar magnetopause lo-
cation is reduced from ~ 1000 km to ~ 100 km above the planet’s surface. In these ex-
treme solar wind dynamic pressure events, the reconnection rate on the dayside mag-
netopause is higher than the average condition. Therefore, more magnetic flux would be
transferred from dayside to the nightside.

This article is protected by copyright. All rights reserved.



123 In this study, we analyze the response of Mercury’s nightside magnetosphere to two
124 extreme solar wind events. Both extreme events are from Slavin et al. (2014). We fo-
125 cus on the CME on 23 November 2011 and the HSS on 11 May 2012, whose trajecto-
126 ries are close to the noon-midnight meridian. The trajectory of MESSENGER during
127 the CME on 8 May 2012 in Slavin et al. (2014) deviated greatly from the noon-meridian

128 plane towards the dawnside (Y};¢,; < —1.2R)s), therefore, we ignored this event. The

129 CME on 23 November 2011 produced a large number of tailward traveling flux ropes and
130 the HSS on 11 May 2012 produced a large number of planetward traveling dipolariza-

131 tion fronts. Both types of structures occurred at occurrence rates approximately two or-
132 ders of magnitude larger than the average occurrence rates for them in Mercury’s mag-
133 netotail, implying the extremely dynamic plasma sheet. Open magnetic flux in the lobe
134 corresponds to around half of Mercury’s available magnetic flux confirming the extreme
135 condition of Mercury’s magnetosphere. However, the lobe magnetic field intensity was

136 steady and lasted periods of several of Mercury’s Dungey cycles, indicating that the mag-
137 netosphere experienced the quasi-steady convection. The low solar wind Alfvén Mach

138 number and the absence of steady ring current and ionosphere at Mercury produce unique
139 properties for steady convection events in Mercury’s magnetosphere compared to Earth’s
140 magnetosphere.

141 2 Overview of Extreme Nightside Magnetosphere

142 2.1 Data and Instrument
143 The study utilizes particles and fields measurements from MESSENGER (Solomon
144 et al., 2001). The ion measurements were provided by Fast Imaging Plasma Spectrom-

145 eter (FIPS) (Andrews et al., 2007), which measures ions in an energy range from ~ 50 eV/q
146 to ~ 13.3 keV/q with an effective field of view of ~ 1.157 sr. The scan time of FIPS

17 is ~ 10 seconds when inside of the magnetosphere, and is ~ 1 minute when outside

148 of the magnetosphere. FIPS can distinguish ion species through the time-of-flight mea-
149 surements. Magnetic field vectors were provided by the magnetometer (MAG) at a time
150 resolution of 20 vectors per second (Anderson et al., 2007). In this study, the magnetic
151 field data are shown in the Mercury solar magnetospheric coordinates (MSM) unless noted.
152 In the MSM, the Z ;5 is sunward, the Zp;gs is northward and parallels to the dipole
153 axis, and the gprgps completes the right-handed coordinate system. The MSM coordi-
154 nate shifts northward of ~ 0.2 Rj; from the center of Mercury due to the offset of the
155 magnetic dipole (Anderson et al., 2010). Spacecraft position is provided with the same
156 time resolution as the magnetic field data (20 samples per second), which is aberrated
157 to be anti-parallel to the solar wind by rotating the Zyrsa-Unrsa plane.

158 During the CME on 23 November 2011 and the HSS on 11 May 2012, averaging
150 over upstreams of outbound bow shock gave solar wind speed of ~ 450 km/s and ~

160 425 km/s, respectively (Slavin et al., 2014). Orbital speeds of Mercury were ~ 53 km/s
161 on 23 November 2011 and ~ 47 km/s on 11 May 2012, the aberration angles were cal-
162 culated to be ~ 6.76° and ~ 6.31°, respectively.

163 2.2 CME on 23 November 2011

164 The crossing of Mercury’s magnetosphere under the CME impact was the first pe-

165 riapsis pass of MESSENGER on 23 November 2011. The blue lines in Figure 1 exhibit

166 MESSENGER’s orbit in the &, ¢5-Uhrsa and ¥hyga-2vsa planes and the black curves

167 are the magnetopause locations, which is obtained from a magnetopause model (Shue

168 et al., 1998; Winslow et al., 2013) with a subsolar standoff distance (Rss) of 1.13 Ry

169 (Slavin et al., 2014). The dashed black curves are the average magnetopause locations

170 (Winslow et al., 2013). The black curves were closer to the planet, indicating that Mer-

7 cury’s magnetosphere was clearly compressed during the extreme events. MESSENGER

172 moved northward through the tail southern magnetopause at X},¢,; ~ —3.8 Ry and
74,
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Figure 1. MESSENGER trajectories for the three extreme events (blue lines for a Coronal
Mass Ejection (CME) on 23 November 2011 and green lines for a high-speed stream (HSS) on 11
May 2012) on the aberrated #3560 — Jvsa (@) and §aygar — Zmsa (b) planes. The black curve
in (a) indicates the magnetopause location with a subsolar standoff (Rss) distance of 1.13 Ras,
which was determined by Slavin et al. (2014) for the three events. The black circular in (b) is the
magnetopause location at Xj;shs ~ —2.8Ru. The dashed curve in (a) and the dashed circle in
(b) represent the average magnetopause locations (Rss = 1.45 Rys) determined by Winslow et al.
(2013).

entered the southern lobe of the magnetotail. It then crossed the magnetic equatorial
plane at X},¢); ~ —2.5 Rar and entered the northern hemisphere. MESSENGER reached
the periapsis at the northern high-latitude region on the dayside and crossed the cusp

and then the dayside magnetopause. The trajectory during the CME (the blue line in
Figure 1b) was on the pre-midnight sector in the nightside magnetosphere and was close
to the noon-midnight meridian (|Y,;¢,,] < 0.5 Raz).

An overview of ion and magnetic field measurements across the nightside magne-
tosphere during the CME is displayed in Figure 2 (For more information on the CME,
see Slavin et al. (2014) or Winslow et al. (2015)). The encounter of high-latitude tail mag-
netopause was determined to be at ~ 08:28:00 UTC (the first vertical dashed red line)
when rotation in B, was observed. The tail magnetopause was ~ 2.23 Rj,; away from
the &),4,, axis, which was close to the distance of ~ 2.19 Ry in the magnetopause model
(Figure 1b). In the following calculations, the radius ~ 2.23 Rj; determined from in-
situ measurements was used as the radius of the magnetotail for this event. Therefore,
the width of the magnetotail (drqq) was 4.46 Rys. In the magnetosheath from 08:05:00
UTC to 08:11:00 UTC, the average IMF was [—19.4,70.9, —36.7] nT, which was predom-
inately in duskward and southward directions with a magnetic shear angle of ~ 117°.
The flux transfer events (FTEs) were frequently observed around the magnetopause, which
were identified based on their bipolar signatures coincident with enhancements in the
magnetic field intensity.

The southern lobe was identified to be the region between the first (~ 08:28:00 UTC)
and second (~ 09:22:10 UTC) vertical dashed lines. The solar-wind-originated proton
(Figures 2a and 2b) and He™™ (Figure 2c¢) continuously appeared after crossing the tail
magnetopause, and the proton flux (Figure 2a) and observed density of He'™t (Figure
2¢) (Raines et al., 2013) smoothly decreased farther away from the magnetopause, which
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MM 4,86 4.50 4.10 3.65 3.16 2.61 2.01

Figure 2. Overview of ion and magnetic field measurements across the nightside Mercury’s
magnetosphere from 08:10:00 UTC to 09:50:00 UTC on 23 November 2011. (a) Proton differen-
tial particle flux versus energy per charge. (b) Proton particle flux integrated in the energy range
of FIPS (~ 46 eV to ~ 13.3 keV). (c) Observed density of He™™ (in blue), O group (m/q = 14
to 20, in purple), and Na' group (m/q = 21 to 30, in gold). (d) Bs. (e) By. (f) B.. (g) mag-
netic field intensity (B:). The first vertical dashed red line indicates the average magnetopause
location. The second and third vertical dashed lines indicate the south and north boundaries of

the plasma sheet, respectively. Magnetopause (MP), Lobe and Current sheet (CS) are labeled.
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Figure 3. Overview of ion and magnetic field measurements across the nightside Mercury’s

magnetosphere from 21:20:00 UTC to 22:55:00 UTC on 11 May 2012. This figure is in the same
format as Figure 2. FIPS was operating at a 60 s cadence through the first half of this period, up

to about 22:02 UTC. It operated at ~ 10 s for the remainder of the interval.

indicates an encounter of plasma mantle. In the southern lobe, the magnetic field was
steady with the field orientation primarily in the tailward and duskward directions (Fig-
ures 2d to 2g). There were no signatures of magnetic flux loading and unloading. The
plasma sheet was identified between the second and third vertical dashed lines as a de-
pression in the magnetic field intensity (Figure 2g), an increase in the proton flux (Fig-
ures 2a and 2b), and reversal of the B, (Figure 2d). The plasma sheet contained an amount
of supra-thermal protons (> 3x107 [em?s]~!) (Sun et al., 2017). Frequent and large-
amplitude increases in the magnetic field intensity were also observed in the plasma sheet.

2.3 HSS on 11 May 2012

Figure 3 shows the ion and magnetic field measurements on 11 May 2012, which
was the third periapsis pass of MESSENGER on that day. Green lines in Figure 1 rep-
resent the trajectory of MESSENGER, which deviated from the meridian plane but within
Yijsmr < —0.8 Rpr. The high-latitude tail magnetopause was crossed at ~ 21:42:00
UTC (the first vertical dashed line), and was ~ 2.43 Rj; away from the &'y, ¢,, axis. FTEs

were frequently observed around the magnetopause, and the average IMF was [—12.5,37.3, —12.1] nT

from 21:29:00 UTC to 21:39:00 UTC, which was southward but contained a large duskward
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component with a magnetic shear angle of ~ 108°. In the southern lobe (the region be-
tween the first and second vertical dashed lines), magnetic field intensity displayed some
amplitude variations, but did not show continuous magnetosheath proton and solar wind
He'". There was a brief magnetosheath proton enhancement at ~ 21:50:00 UTC, which
might be the encounter of the plasma mantle. The plasma sheet (between the second
and third vertical dashed lines) was full of magnetic field fluctuations and contained large
amounts of high-energy proton particle flux. There were planetary O' and Na™ evident
in the plasma sheet (Figure 3c). In contrast, they were not present in the plasma sheet
during the CME on 23 November 2011.

In the extreme solar wind events, the nightside magnetosphere was highly compressed.
On the CME on 23 November 2011, magnetic shear angle outside the tail magnetopause
was determined to be ~ 117°, and on the HSS on 11 May 2012, the shear angle was ~
108°. The shear angles are similar to each other. However, magnetic shear angle at the
dayside magnetopause was ~ 60° on the CME event and was ~ 160° on the HSS event.
In addition, the dayside magentosheath 8 was determined to be ~ 0.06 on the CME and
was ~ 2.67 on the HSS (Slavin et al., 2014). Protons in the plasma sheet were energized,
and the plasma sheet contained frequent and large-amplitude magnetic field fluctuations.
In the next section, we analyze the reconnection-generated magnetic structures in the
plasma sheet, including flux ropes (the CME on 23 November 2011) and dipolarization
fronts (the HSS on 11 May 2012). The quadrupole Hall magnetic field associated with
magnetic reconnection and the dimensionless reconnection rate on the CME event (23
November 2011) are also analyzed. Section 4 shows analyses on the southern lobes. The
open magnetic flux in the southern lobe does not show magnetic flux loading and un-
loading, suggesting that the magnetosphere experienced the quasi-steady convection. The
cross-polar Cap Potential (CPCP) was calculated from the plasma mantle measurements
on the CME event, which is a few times the average value in Mercury’s magnetosphere.
In section 5, we discuss features of steady convection in Mercury’s magnetosphere and
compare them with the SMCs in Earth’s magnetospheres, including the solar wind drivers
and the steady convection properties. The dawn-dusk extent of the magnetic reconnec-
tion during the CME event is also discussed. Section 6 gives the conclusion.

3 Plasma Sheet Observations
3.1 Local Coordinate System for the Cross-tail Current Sheet

The local coordinate system (LMN) is crucial in analyzing magnetic structures in
the cross-tail current sheet. In the case of the magnetotail magnetic reconnection, Lis
along the reconnecting component of the magnetic field, N is normal to the current sheet
and M is directed along the reconnection X-line. Several techniques have been devel-
oped to determine the LMN coordinate of magnetic structures. Here we apply two of these
techniques to the MESSENGER magnetic field measurements. The first is the minimum,
or maximum, variance analysis (MVA) (Sonnerup & Cahill, 1967; Sonnerup & Scheible,
1998). The second is the cross product of the magnetic field vectors on the two sides of
magnetic layers (Sonnerup & Scheible, 1998). The MVA was applied to a series of mea-
surements containing the structure. It gives three eigenvalues (the maximum A4z, in-
termediate A, and minimum A,,;, eigenvalues), which correspond to three eigenvec-
tors (the maximum, intermediate and minimum eigenvectors). The maximum, interme-
diate and minimum eigenvectors correspond to the L M_’V A, the M Jv;v A, and the N, AZV A,
respectively. Ratios between the neighboring eigenvalues imply the accuracy of the eigen-
vectors, in which a small value would degenerate the corresponding eigenvectors. In this
study, we require the ratios to be greater than 3.

In the second technique, the LMN is obtained by analyzing magnetic field vectors
on the two sides of the cross-tail current sheet, that is, the southern and northern lobes.
The direction of magnetic reconnection line (Sonnerup, 1974), that is, the M direction,
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could be calculated from
Myectors = (Bsz, x Byr) x (Bsr, — Byp)/|(Bsy x Byr) x (Bsy — Byr)l (1)

, where Bg . and Byp represent magnetic field vectors in southern and northern lobes,
respectively. Since magnetic field in the lobes are expected to be predominately in a plane
parallel to the cross-tail current sheet, the normal of the current sheet, that is, the N ,
could be obtained from

Nve:tors - (BEL X B;/'L)/‘(BEL X BJ;L)| (2)
, and then the reconnecting direction, that is, the E, is
Lve;tors = (B;L - B]_\;L)/|(B;L - B]_\}L)| (3)

’ which is Mvectors X Nvectors'

Magnetic field measurements from 09:19:00 UTC to 09:34:00 UTC on 23 Novem-
ber 2011 and from 22:26:00 to 22:47:00 UTC on 11 May 2012 were taken out to apply
the MVA separately to obtain the LMN coordinate for the cross-tail current sheets. On
23 November 2011, the ratios between the maximum eigenvalue and the intermediate eigen-
value was ~ 23.8, and the intermediate eigenvalue and the minimum eigenvalue was
~ 3.4, indicating that the L]\ZVA, the MA;VA, and the NA;VA were well determined.

In the MSM coordinate system, Lyva = (0.98, -0.20, 0.07), Majya = (0.19, 0.98, 0.10),
and Najva = (-0.08, -0.08, 0.99), which were close to Zarsar, msm and Zarsar axes,
respectively. On 11 May 2012, the ratios between the maximum eigenvalue and the in-
termediate eigenvalue was ~ 32.0, and the intermediate eigenvalue and the minimum
eigenvalue was ~ 1.1, indicating that the LJVA was well determined, but the M]\ZVA
and the N]\/;VA were becoming degenerate. The LJ\;VA = (0.994,0.08,0.07) was close

to the -’i‘MSM-

In the CME event on 23 November 2011, magnetic field vectors in the southern and
northern lobes were Bgy, = (-87.38, 37.67, -9.92) nT and By, = (102.08, 18.49, 15.98)
nT, which were averaged between 09:16:00 UTC and 09:19:00 UTC and between 09:29:00
uTcC and 09:32:00 UTC respectively. The magnetic shear angle was ~ 147° between
the By, and the By L, indicating a guide field in the plasma sheet. Applications of equa-
tions (1), (2) and (3) gave Lueotors = (0.98, -0.10, 0.14), Mypootors = (0.09, 0.99, 0.08),
and Nyectors = (-0.14, -0.07, 0.99), which were 5.87°, 5.56°, 4.51°, respectively, away from
the LMN determined by the MVA. This implies a very good agreement.

In the HSS event on 11 May 2012, the Bgy, = (-60.57, 1.87, 2.09) nT and the By,
= (82.34, 10.07, 30.13) nT, which were averaged between 22:20:30 UTC and 22:24:00 UTC,
and between 22:45:20 UTC and 22:46:10 UTC, respectively. MESSENGER was located

~ (-1.51, -0.58, 0.39) Ry in the northern lobe close to the planet, it was necessary
to remove the dipole magnetic field components in the By L, which resulted in va L=
(60.69, 1.88, -3.40) nT. Application of equations (1), (2) and (3) gave Lyecrors = (0.999,
0.0, 0.045), Mycotors = (-0.015, 0.94, -0.33), and Nyeotors = (0.04, 0.33, 0.94). The Lycctors
was separated from the Ly 4 by ~ 8.18°, which, again, is a very good agreement. The
local coordinates obtained from MVA and the cross product of the north and south lobes
for both events are summarized in Table 1. Since the M ]\;V 4 and N, AZV 4 determined by
MVA were degenerate in the HSS event, the LMN coordinates determined from the cross
product analysis of the lobe fields were employed for both CME and HSS events in the
following analysis on the plasma sheet.

3.2 Quasi-periodic Flux Rope Groups during 23 November 2011 CME

An overview of the proton and magnetic field measurements in the plasma sheet
on 23 November 2011 is displayed in Figure 4. The plasma sheet is evident in the en-
hanced proton flux from ~ 1 to 10 keV (Figure 4a) and a depression of magnetic field
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Figure 4. Overview of proton and magnetic field measurements of the plasma sheet from

09:15:00 UTC to 09:35:00 UTC on 23 November 2011. (a) Proton differential particle flux ver-
sus energy per charge (E/q). (b) Br. (¢) Bu. (d) Bn. (e) magnetic field intensity B:. LMN

represents the local coordinate of the cross-tail current sheet, in which L is the magnetic field

maximum variance direction, M is the intermediate variance direction, and N is the minimum

variance direction. Red dashed lines indicate the starts of flux rope groups. The green and blue

ticks at the top of (e) represent the flux ropes and traveling compression regions (TCRs) with

[cm2 ssr kev/e]‘l

green being tailward traveling and blue being planetward traveling. The flux ropes among them

are marked by additional green ticks at the bottom.
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Figure 5. Overview of two flux rope groups in the LMN local coordinate system. The LMN
is the same as Figure 4. The left column is the flux rope group of 09:21:10, and the right column
is the group of 09:24:47. (a) and (e) Br. (b) and (f) Bay. (c) and (g) By. (d) and (h) B;. The
vertical dashed lines represent the flux ropes and TCRs with the leading larger-scale flux ropes

being marked in red.

intensity (Figure 4e). MESSENGER crossed the center of the plasma sheet at ~ 09:24:45
UTC where By, reversed direction (Figure 4b). The plasma sheet contained many suprather-
mal protons with energies higher than ~ 5 keV (Figure 4a) (Sun et al., 2017), indicat-

ing that the plasma sheet protons were energized. The FIPS angular flux maps (see sup-
plementary material), including energy scans from 09:24:40 UTC to 09:27:40 UTC, showed
that most of the protons were tailward propagating. This indicates that MESSENGER
traversed the cross-tail current sheet tailward of the Near-Mercury Neutral Line (NMNL).
An integration over the plasma sheet crossing yielded a proton number density (n,) of

~ 2.33 em™3 and proton temperature (T},) of ~ 32.5 MK (see supplementary mate-

rial). Meanwhile, the plasma sheet was full of large-amplitude magnetic field fluctuations
(Figures 4b to 4e), which we will now show to be flux ropes.

At ~ 09:21:10 UTC, when MESSENGER located near the southern boundary of
the plasma sheet, two large-amplitude, long-duration tailward traveling flux ropes were
observed (marked in red vertical lines), which is shown on the left column of Figure 5.
The deflection in the By were used to determine the travelling directions of the flux ropes
and travelling compression regions (TCRs). Planetward travelling structures correspond
to By changes from negative to positive (F By ), and tailward travelling structures cor-
respond to By changes from positive to negative (=By). The TCRs are the locally com-
pressed fields draping around the flux ropes (Slavin, Imber, et al., 2012; Slavin et al., 1993).
In the two flux ropes, By changed from ~ 50 nT to -20 nT (ABy ~ 70 nT) and ~ 40
nT to -70 nT (ABy ~ 110 nT) in ~ 3.5 seconds (At) and ~ 1.5 seconds and the max-
imum magnetic field intensity (B;) was ~ 125 nT and 145 nT, respectively. The flux
ropes were followed by a prolonged negative By, that is, the southward B,, with an in-
terval of ~ 75 s. This prolonged negative By could mean that magnetic reconnection
remained occur, which is in analogous to the post-plasmoid plasma sheet (PPPS) (DiBraccio,
Slavin, Imber, et al., 2015; Richardson et al., 1987). Fourteen relatively smaller-amplitude
(ABxn < 70 nT) and shorter-duration (At ~ 1 s) tailward flux ropes and TCRs were
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observed in the prolonged negative By until another large-amplitude and long-duration
flux rope appeared at ~ 09:22:43 UTC. The right column in Figure 5 displays another
flux rope group from 09:24:40 UTC to 09:25:40 UTC, in which few large-amplitude, long-
duration flux ropes were observed at the start time and were followed by prolonged neg-
ative By and several relatively smaller-amplitude and shorter-duration flux ropes. Twenty-
three flux ropes and TCRs were observed. The two flux rope groups displayed similar
features, which was led by a few large-amplitude and long-duration flux ropes followed

by a prolonged negative By and tens of relatively smaller-amplitude and shorter-duration
flux ropes. This kind of flux rope group quasi-periodically appeared between 09:20:00
UTC and 09:30:40 UTC and the vertical dashed red lines in Figure 4 represent the start
times of each group. There were ten this kind of flux rope groups with a mean duration
of ~ 71 s.

If we considered the average Alfvén speed in the plasma sheet to be the plasma flow
speed, the scale of the flux ropes could be estimated. The average n, is 2.33 em ™3 and
the average By is ~ 85 nT" from 09:24:00 to 09:26:00 UTC, the Alfvén speed is calculated
to be ~ 800 km/s. The large scale flux rope of 3.5 s corresponds to a radius of ~ 2800
km. The small scale flux rope of 1 s suggests that the radius of flux rope is around 400
km. Proton inertial length is ~ 150 km. The large scale flux rope is tens of the proton
inertial length, and the small scale flux rope is only several times the inertial length, which
suggests that the small scale flux ropes are ion-scale..

Green and blue ticks in Figure 4e marked the flux ropes and TCRs identified be-
tween 09:15:00 UTC and 09:35:00 UTC, which were 153 in a total number. These flux
ropes and TCRs were visually identified through applying MVA on each event. In Fig-
ure 4, the green ticks represented tailward traveling flux ropes and TCRs, and the blue
ticks represented planetward traveling flux ropes and TCRs. Most of the flux ropes and
TCRs were tailward traveling with only 8 (~ 5%) being planetward traveling. This in-
dicates that the spacecraft stayed mostly in the tailward of the NMNL, which was con-
sistent with proton distributions from FIPS. However, because the NMNL was located
between a pair of neighboring tailward and planetward flux ropes, the planetward trav-
eling flux ropes suggested that the spacecraft should cross the NMNL a few times. The
first planetward flux rope was detected at ~ 09:26:50 UTC where MESSENGER was lo-
cated at X},6ps ~ —2.53 Rpr. The last planetward TCR was detected at ~ 09:33:00
UTC when MESSENGER was located at X},¢5; ~ —2.28 Ras. There were ~ 20 flux
ropes both planetward traveling and tailward traveling in between. This indicates a move-
ment of the NMNL, which should be located at X},q,, from —2.53 Ry to —2.28 Rjy.

Figure 6 shows the statistical properties of the flux ropes (red dots, a and b) and
the TCRs (black dots, ¢ and d). Amplitude (ABy) and duration (At) of the structures
was determined from the extrema in By variations. Core field (Bcore) was the maxima
of B; in the structures. The flux ropes had mean ABy of ~ 52.4 nT', mean By, of ~
107.0 nT', and mean At of ~ 0.93 s. The TCRs had mean ABy of ~ 19.7 nT, mean
magnetic field enhancement (AB;/Brobe) of ~ 6%, and mean At of ~ 1.62 s. The rel-
ative amplitude of the TCRs, ~ 6%, is comparable to that seen at Earth (Slavin et al.,
1993). The mean duration of the TCRs was longer than that of the flux ropes. TCRs
have been well studied at Earth and it has been shown that they are due to the drap-
ing of lobe magnetic field lines around flux ropes (Slavin, Imber, et al., 2012; Slavin et
al., 1993). Hence, they are useful proxies for flux ropes.

The At represent scales of flux ropes along L direction. The ABy are the ampli-
tudes of the flux ropes, which represents the curvature radius of the magnetic field lines
and therefore the scale of flux ropes along N direction (Zhao et al., 2019). Figure 6a shows
a good positive correlation between At and ABy for the flux ropes, which indicates that
the longer of the flux ropes along L the larger of the flux ropes in N. In Figure 6b, the
At and the B, are also positively correlated, which indicates that the larger the scale
of flux ropes the stronger the core field. The ABy and B, are also positively corre-
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Figure 6.

Duration [s] Duration [s]

Scatter of the flux ropes (FRs, red dots, a and b) and traveling compression re-

gions (TCRs, black dots, ¢ and d) in the plasma sheet on 23 November 2011. (a) The amplitude
(ABpy) versus flux rope duration (At). (b) The core field (Beore) versus At. (c) The amplitude
(ABn) versus TCR duration (At). (d) The AB;/Brobe versus TCR duration. For each flux rope

or TCR, the ABx and At of the structures was determined from the extrema in the By vari-

ations, and the Beore was the maxima in B;. Red lines are linear fitting of the flux ropes (red

dots).
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lated (not shown). Several studies propose that core magnetic field strengthens along
with growth of flux rope scales (Ma et al., 1994; Y. Chen et al., 2017; Akhavan-Tafti et
al., 2018; Sun et al., 2019). The distribution in Figure 6b agrees with this scenario. Fur-
ther, the positive correlations among the ABy, the At, and B, might indicate that
the larger flux ropes would contain more magnetic flux.

In the plasma sheet from 09:22:40 UTC to 09:28:00 UTC, a number of 74 flux ropes
were identified corresponding to mean separation of ~ 4.3 s. The occurrence rate (~ 14
events per minute) of flux ropes during this CME was approximately 600 times the av-
erage occurrence rate (~ 0.022 events per minute (Sun et al., 2016)) in the Mercury’s
plasma sheet. In Earth’s plasma sheet, multiple flux ropes and TCRs were also observed,
such as in Slavin et al. (1993, 2005); Zong et al. (2004). From those studies, separations
between the neighboring flux ropes at Earth could be ~ 1 to 2.5 minutes, which is much
longer than the ~ 4.3 s in Mercury’s plasma sheet.

3.3 Dipolarization fronts during 11 May 2012 HSS

Figure 7 shows proton dynamic spectra and magnetic field measurements in the
plasma sheet on 11 May 2012. Similar to the plasma sheet on 23 November 2011, the
plasma sheet was evident in the suprathermal proton enhancement (Figure 7a) and mag-
netic field intensity depression (Figure 7e). The integration over the plasma sheet pe-
riod from 22:29:40 UTC to 22:45:20 UTC of FIPS measurements gave proton number
density of ~ 0.90 cm ™3 and proton temperature of 20.9 M K (see supplementary ma-
terial for the 3D FIPS angular flux map and 1D phase space density). Different from the
plasma sheet on 23 November 2011, this plasma sheet contained many heavy ions, in-
cluding solar wind He™* and planetary Nat. The integration gives Het™ density of
~ 0.13 em ™3 and temperature of 47.4 MK and Na* density of ~ 0.12 cm ™3 and tem-
perature of 30.7 M K. The density of Na™ in this plasma sheet was around an order of
magnitude larger than the average Nat density of ~ 0.01 ¢m ™3 on the dawnside plasma
sheet (Raines et al., 2013), while the density of He™ was comparable to the average
density on the dawnside plasma sheet.

Several TCRs were observed when MESSENGER was located in the southern lobe
as marked in Figure 7f. At first, the TCRs were tailward traveling and then became plan-
etward traveling, indicating the pass of the NMNL. As already mentioned, the NMNL
should be located between the neighboring planetward and tailward traveling TCRs and
flux ropes. The first neighboring planetward and tailward TCRs was located at X}, g, ~
- 2.45 Ry, and the last neighboring TCRs was X}, ~ - 2.34 Ryr. Therefore, the NMNL
should be located between X}, ¢5; ~ - 2.45 Ry and ~ - 2.34 Rjs. Several minutes later,
the spacecraft started to enter the plasma sheet. Because MESSENGER moved closer
to the planet, it crossed the planetward side of the NMNL reconnection site. MESSEN-
GER crossed the center of the plasma sheet at X},¢,; ~ -1.8 Rjs on the HSS event,

which was closer to Mercury than 23 November 2011 CME plasma sheet traversal (X},¢,, ~

-2.6 Ray).

Figures 8a to 8d show magnetic field measurements in the central plasma sheet from
22:35:00 UTC to 22:36:30 UTC. The vertical dashed lines marked the planetward trav-
eling dipolarization fronts. Dipolarization fronts consists of sharp increase in By, that
is, the northward magnetic field component (B,), and By, which are preceded by decrease
in By and are followed by B; enhancements (e.g., Ohtani et al., 2004). The B, enhanced
region is called plasma bubble or dipolarizing flux bundle (DFB) (e.g., C. X. Chen & Wolf,
1999; J. Liu et al., 2013), which is believed to be generated by magnetic reconnection
(e.g., Angelopoulos et al., 2013). In Figure 8, a number of 13 dipolarization fronts were
identified in 90 s. The mean separation of individual dipolarization front was ~ 7 s, which
was twice the separation of ~ 4.3 s of tailward flux ropes during the CME event. The
occurrence rate (~ 8.6 events per minute) of dipolarization front during this HSS was
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Figure 7. Overview of proton and magnetic field measurements of the plasma sheet from
22:20:00 UTC to 22:50:00 UTC on 11 May 2012. (a) Proton differential particle flux versus en-
ergy per charge (E/q). (b) Observed density of He™™ (in blue), O" group (m/q = 14 to 20, in
purple), and Na™ group (m/q = 21 to 30, in gold). (c) Br. (d) Bu. (e) By. (f) magnetic field
intensity B:. LMN represents the local coordinate of the cross-tail current sheet. Red dashed
lines represent the plasma sheet boundaries. The blue ticks in (f) represent the planetward trav-
eling dipolarization fronts. The blue ticks ending with asterisks represent planetward traveling

flux ropes and TCRs. The green ticks ending with asterisks represent tailward traveling TCRs.
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Figure 8. Dipolarization fronts observed in the plasma sheet on 11 May 2012. (a) Bg. (b)
Byr. (¢) By. (d) B¢. LMN is the local coordinate system, which is the same as Figure 7. Blue
vertical dashed lines mark the centers of dipolarization fronts. (e) dipolarization front duration
(At) versus amplitudes (ABy). (f) dipolarization front duration versus dipolarizing flux bundles
(DFBs) duration.

~ 200 times the average occurrence rate (~ 0.044 events per minute) in Mercury’s plasma
sheet (Sun et al., 2016).

In Figure 7f between the two vertical dashed red lines, blue ticks marked the dipo-
larization fronts and blue ticks ending with asterisks marked the flux ropes. In the cen-
tral plasma sheet between 22:34:00 UTC and 22:39:00 UTC, 37 dipolarization fronts and
two flux ropes were identified. These magnetic structures were planetward traveling, con-
firming that the spacecraft crossed the planetward plasma sheet of the NMNL. Statis-
tical properties of the dipolarization fronts, including duration At and amplitude A By
and duration of the DFB (tprpg), were shown in Figures 8e and 8f. The At and ABy
of the dipolarization fronts were determined from the extrema in By. The tprp was the
duration of the enhanced By region. The dipolarization fronts had mean At of 1.1 s and
mean ABpy of 20.9 nT, which was comparable to the values obtained in the closer planet
tail regions (Sundberg et al., 2012) (X},4,, Was from ~ -1.8 to -2.0 Ry, in this study,
and was from -1.5 to -1 Ry in Sundberg et al. (2012)). Mean tppp was 2.1 s which was
smaller than the values in the closer planet region. Figures 8¢ and 8f also showed that
the At and the ABy, the At and the tprp were positively correlated, which indicated
that the larger scale of the dipolarization fronts (At), the stronger the amplitudes (ABy)
and the larger scales of the DFB (tprp).

Similar to the flux rope analysis on the CME event, we can use the background av-
erage Alfvén speed in the plasma sheet to estimate the scale of the dipolarization fronts
and the DFBs. The average By is 24 nT from 22:34:00 to 22:42:00 UTC. After consid-
ering the densities of proton, He™™, and Na*, the Alfvén speed is calculated to be 400
km/s. Therefore, the dipolarization fronts have an average scale of 440km, and the DFBs
are 840 km. Proton inertial length in the plasma sheet is estimated to be 240 km, which
indicates that both the dipolarization fronts and the DFBs are ion-scale.
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Figure 9. Analysis of the out-of-plane magnetic field component (Bjs) in the plasma sheet on
23 November 2011. (a) By, (b) B, (c) by, versus b, by, is Br/Brobe, ba i8 Bar/Brobe. Green
triangles indicate the averages of bys in 0.1 by, bins. The red asterisk corresponds to the maxi-
mum bas. (d) colormap for bz, versus bas, color represent the percentage of data points in each
bin.

3.4 Reconnection Features in the Plasma Sheet on 23 November 2011
CME

3.4.1 Hall Magnetic Field in Magnetic Reconnection with Strong Guide
Field

Figure 9 shows the analysis of the out-of-plane magnetic field component (Bjs) in
the plasma sheet on 23 November 2011. The spacecraft entered the plasma sheet at ~
09:22:40 UTC from the southern lobe (the first vertical dashed line in Figures 9a and
9b) when |By| (Figure 9a) and the magnetic field intensity started to decrease (Figure
4e) and proton flux started to enhance (Figure 4a). The spacecraft traveled northward
and moved out of the plasma sheet into the northern lobe at ~ 09:28:00 UTC (the sec-
ond vertical dashed line in Figures 9a to 9b) when By, became stable and positive and
proton flux decreased. The red horizontal dashed line in Figure 9b represents the Bgyide,
which was determined from the Bj; averaged between 09:18:00 UTC and 09:19:00 UTC
in the southern lobe. The intensity of Bgyide Was ~ 28.0 nT', which was ~ 0.29 when
normalize to Brope (~ 95.0 nT). It can be seen that Bj; were generally along the red
horizontal dashed line in the southern and northern lobes, implying that the guide field
was stable without large variations during this period.
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The By, (Figure 9b) in the plasma sheet with a vertical scale of ~ 0.20 Rj; showed
an increase first and then a decrease relative to the guide field, which indicated a cross-
ing of quadrupole Hall magnetic field associated with magnetic reconnection (Sonnerup,
1979). However, the By, was asymmetric comparing to the guide field with most of the
By being larger than the Bgy;qe. In Figures 9c and 9d, by (the By normalized to the
Biobe; Bar/Brobe) was shown as a function of by, (Br,/BrLope), in which the measurements
in the flux ropes were excluded. The by; was asymmetric relative to the guide field (hor-
izontal red line) and the largest by; was ~ 1, which means that the largest Bys was com-
parable to the Brope. Most of the by, was larger than the Bgyiq. and only a small por-
tion of bys was smaller than the Bgyqe, which was concentrated on the region where the
by, was larger than 0.5 corresponding to the outer part of the northern plasma sheet. In
Figure 9c, the green triangles were averaged bys in 0.1 bins of by,. The maximum by; of
green triangles was ~ 0.83 when by, was -0.25 & 0.05. The bj; started to become lower
than 0.29 (Bguide/Brobe) When by, was larger than 0.65 £ 0.05 (0.05 is the half width
of the bin). The minimum by; was ~ 0.184 when by, was 0.75 £ 0.05.

The analysis in Section 3.2 has shown that flux ropes continuously appeared im-
plying that magnetic reconnection kept on occurring, and MESSENGER crossed the tail-
ward of the NMNL in most of the times. This observation of enhanced B); region (pos-
itive perturbation) was much wider than weaken B region (negative perturbation) sug-
gesting a distorted pattern of the quadrupole Hall magnetic field, which could be gen-
erated by magnetic reconnection with a strong guide field. Several studies demonstrate
that the Lorentz force could displace electron motion in the current sheet normal direc-
tion and cause asymmetrical Hall currents and therefore, distorts the quadrupole mag-
netic field in the magnetic reconnection region (Pritchett & Coroniti, 2004; Huba, 2005;
Eastwood et al., 2010). Consequently, the region of Hall magnetic field in the same di-
rection of the guide field would be enlarged and the other region with opposite directed
Hall magnetic field would be shrink (a scenario shown in Figure 10a). Huba (2005) pre-
dicted that when the guide field became larger than 0.34, the quadrupole Hall magnetic
field profile would be eliminated and the Hall magnetic field would only point in one di-
rection. In this case, the Bgyide/Brose Was ~ 0.29, only a small portion of Hall mag-
netic field was observed to be negative (~ 3.3% of the data points), which was consis-
tent with this conclusion.

In Figures 9c and 9d, a few by, grey points were smaller than the guide field in the
southern part of the plasma sheet (by < 0). This arose from the situation that when
flux rope passed over the spacecraft the leading part of the tailward traveling flux ropes
contained the negative Hall magnetic field perturbations (a scenario shown in Figure 10b).
In Figure 5, the region ahead of the leading flux ropes (~ 09:21:10 UTC and ~ 09:24:47
UTC) contained periods of By, smaller than Bgyiqe (28 nT) corresponding to this sce-
nario.

3.4.2 Reconnection Rate

Figure 11 shows the Harris current sheet fitting on the cross-tail current sheet and
the By inside the current sheet. The one-dimensional Harris current sheet model (Harris,
1962) is:

CcS

By(2) = Bp tanh (zL_ ZO) (4)

, where By, is the L component of magnetic field in the magnetotail, By g is lobe
magnetic field intensity, Log is half thickness of current sheet, z is position of each Bp,
measurement, zg is position of current sheet center. We employed a similar procedure
as Sun et al. (2017) in the fitting. A parameter x? is introduced:
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Figure 10. Schematic of the Hall magnetic field and Hall current associated with the guide
field magnetic reconnection in the plasma sheet. (a), guide field magnetic reconnection with a

single X-line. (b), the situation when a magnetic flux rope was formed.

2 L Nooint <’B£105(z’) - BL(Z')’>2 (5)

X7 Noine BJCS(3)

i=1
, in which Npein: is number of data points, Brrcs is magnetic field resulted from
the Harris current sheet model, By, is measured L component of magnetic field. The By,
was averaged in a 40 s sliding window prior to the fitting to remove field fluctuations.
In Figure 11a, blue curve is fitted By, from the Harris current sheet model, which is sim-
ilar to the measured magnetic field shown in black. In the fitting, the x? is ~ 1.22 x
10~3 indicating a good fit. The Brp is 95.0 nT and Lcg is 0.046 Rjy;. Current density
(Jamr) resulted from the Harris current sheet model is shown in Figure 11b, and the max-
imum current density is ~ 670 nA/m?. Average current sheet parameters in Mercury’s
tail (Poh et al., 2017a, 2017b) have a lobe magnetic field intensity of ~ 41.0 nT', half
thickness of ~ 0.19 Ry, and cross-tail current density of ~ 92 nA/m?2. This cross-tail
current sheet had much thinner thickness, stronger current density and larger lobe field
intensity. As shown in section 3.2, the gyroradius estimating from the thermal temper-
ature is ~ 100 km. This value was comparable to the half thickness of the current sheet
(Les, 112 km), which indicates that majority of protons should undergo meandering mo-
tion in the current sheet.

The dimensionless magnetic reconnection rate could be calculated in several ways,
including the ratio of reconnection inflow velocity to outflow velocity, the aspect ratio
of reconnection diffusion region, normalized out-of-plane electric field, and the ratio of
normal magnetic field component to reconnecting magnetic field in inflow region (Sonnerup,
1974; Sonnerup et al., 1981; Cassak & Fuselier, 2016). MESSENGER could not directly
resolve reconnection-associated plasma flows and did not provide measurements of elec-
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rent sheet model. (b) Jas, the current density in M direction obtained from Harris current sheet

model. (¢) By in the current sheet. Green line is the sliding average of By in 2 s.
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tric fields. Therefore, we employ the ratio of normal magnetic field component to the lobe
reconnecting magnetic field (By/Brp) to calculate the dimensionless reconnection rate,
similar to previous MESSENGER studies (e.g., DiBraccio et al., 2013; Slavin et al., 2014;
Zhong et al., 2018). Figure 11c shows the By inside the current sheet. A large number
of flux ropes showed up in the current sheet. To obtain the By of the magnetic recon-
nection, the duration of the large scale flux ropes should be excluded. Two durations marked
by the green lines contain relatively stable By were selected. They were the prolonged
negative By in two flux rope groups, which started at 09:24:08 UTC and the 09:24:47
UTC. The green lines are the sliding average of By in 2 s. The average By from the two
durations was ~ —8.85+2.4 nT', where 2.4 nT is one standard deviation. Because the
Bpp was 95.0 nT, the dimensionless reconnection rate (Ry/r ) was calculated to be ~
0.093+0.025. However, the By showed perturbations in the current sheet, and the flux
ropes were frequently observed, which was suggested to be able to modulate the recon-
nection rate (e.g., Karimabadi et al., 2007). The value of ~ 0.093 should be an aver-

age dimensionless magnetic reconnection rate in this plasma sheet.

We performed the similar analysis of the out-of-plane and normal magnetic field
components in the plasma sheet on the 11 May 2012 HSS event (not shown here). We
did not see clear Hall magnetic field pattern as observed on 23 November 2011. This could
be due to several reasons. In the plasma sheet on the 11 May 2012 HSS event (Figure
7), large number of dipolarization fronts appeared. First of all, the strong field-aligned
currents associated with the dipolarization fronts, which was revealed in the Earth’s study
(J. Liu et al., 2013; Sun et al., 2013), could influence the out-of-plane magnetic field com-
ponent. Secondly, the plasma sheet crossing was ~ 0.6 Rj; planetward of the NMNL as
determined in Section 3.3. The reconnection-generated magnetic structures, mostly dipo-
larization fronts, could be largely influenced by the dipole field during their planetward
travelling and would deform the reconnected fields.

4 Southern Lobe Observations
4.1 Lobe Magnetic Field on 23 November 2011 CME

The magnetic field measurements in the magnetotail on 23 November 2011 (the CME
event) are shown in Figure 12 (black lines). As a comparison, the magnetic field inten-
sity in the neighboring magnetotail crossing on 22 November 2011 from ~ 20:00:00 to
21:50:00 UTC are shown in blue dashed lines in Figure 12d, which represent the mag-
netic field intensity of an average magnetotail.

We analyze the lobe region between ~ 08:45:00 UTC and ~ 09:19:00 UTC for the
CME event. The lobe region contained many prominent plasma filaments before 08:45:00
UTC, which will be further discussed in Section 4.3., and the spacecraft started to en-
ter the plasma sheet after 09:19:00 UTC. There were full of small-amplitude B; peaks
during this period. The B, peaks became more prominent when MESSENGER closer
to the plasma sheet. They were identified as TCRs, which last few seconds and contains
asymmetric bipolar in B, and enhancements in B, and B;. The TCRs should associate
with the flux ropes in the plasma sheet and the magnetopause. Magnetic field measure-
ments in blue dashed lines do not show these many B; peaks confirming a relatively quiet
magnetotail.

Other than the small scale plasma filaments and TCRs, the magnetic field inten-
sity was steady with an average value of ~ 92.844.8 nT (Bpope) (4.8 n'T was one stan-
dard deviation) without signatures of magnetic flux loading-unloading. Magnetic field
line elevation angle is calculated from

\/ Bz + B2

fp = arctan | ~———— (6)
| Be|
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Figure 12. Overview of the magnetic field measurements in the magnetotail from 08:35:00
UTC to 09:50:00 UTC on 23 November 2011 during the CME (Black lines). (a) Bs. (b) By. (c)
B.. (d) magnetic field intensity (B:). (e) magnetic field line elevation angle (65).Blue dashed line
in (d) represent the measurements from the neighboring magnetotail crossing on 22 November
2011 prior to the CME impact. Red dashed horizontal lines represent the averages of each quan-
tity in the period between the two vertical black dashed lines in the southern lobe. The red ticks
in (d) and (e) mark a magnetic field decrease at ~ 09:32:00 UTC in the northern lobe.
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, which is shown in Figure 12e. It was stable confirming that the magnetic field lines was
steady without signatures of magnetotail reconfiguration. Mercury’s magnetosphere was
under the impact of a CME. The IMF was observed to be southward before MESSEN-
GER crossed the tail magnetopause. The average magnetic field intensity in the lobe was
more than twice the average magnetic field intensity (~ 41 nT') in Mercury’s lobe at down-
tail distance of ~ 3.5 Rps (Slavin, Anderson, et al., 2012; Poh et al., 2017b), and high-
frequency reconnection-related TCRs were observed throughout the lobe. Also, the plasma
sheet contained continuous flux ropes and negative By. All these features demonstrated
that the magnetotail was extremely active. The time duration between the two verti-

cal dashed lines (~ 34 minutes) in Figure 12 was a lower limit for the preserving of this
feature, which corresponded to a duration of more than ten Dungey Cycles at Mercury

(a mean value of ~ 195 second) (Slavin et al., 2010; Sun et al., 2015; Imber & Slavin,
2017).

When MESSENGER entered into the northern lobe, there was one clear magnetic
field decrease from ~ 09:31:30 UTC to 09:33:00 UTC as marked by the red ticks in Fig-
ures 12d and 12e. This magnetic field decrease did not correspond to 6p decrease but
increase, which was likely caused by total pressure decrease outside the magnetosphere
but not a magnetic flux unloading (see, Imber & Slavin, 2017). After this magnetic field
decrease, the total magnetic field gradually increase accompanying with decrease of 05,
which should be contributed by the dipole magnetic field as MESSENGER getting closer
to the planet.

Based on the above features, we concluded that Mercury’s magnetosphere was un-
der the quasi-steady convection, in which the rates of magnetic flux into and out of the
magnetotail should be comparable. This quasi-steady convection perhaps analogous to
the steady magnetospheric convection (SMC) at Earth (Pytte et al., 1978), or possibly
the continuous magnetospheric dissipation (CMD) studied by Tanskanen et al. (2005).

The open flux content of the tail lobe (Prope) in this event is calculated accord-
ing to the expression,

TR2,
q)Lobe - BLobe <’2Tazl - dcsRTail) (7)

, where Bpope is the average magnetic field intensity in the lobe, Rp4;; is the magneto-
tail radius, d.s is the thickness of the cross-tail current sheet. The cross-sectional area
of one hemisphere of Mercury’s tail was calculated from Rpq; by assuming that the mag-
netotail was a semicircle. Subtracting the half cross-sectional area of the plasma sheet,
in which the plasma sheet was assumed to be a rectangle, the cross-sectional area of the
lobe could be obtained. Multiplying the By, and the cross-sectional area of the lobe
obtained the open flux content of the lobe (Prope). The B ope was assumed to be uni-
form in the lobe, which was ~ 92.8 nT', and the steady magnetic field measurements in
Figure 12 consisted with this assumption. The Rp,;; was determined to be ~ 2.23 Ry
in section 2.2. The d.s was obtained through Harris current sheet fitting on the cross-
tail current sheet, which was ~ 0.092 Rj; as shown in Figure 11.

The @5 was calculated to be ~ 4.20 MWb, which was much higher than the mean
open flux content in the lobe (~ 62% higher than the 2.6 MWD in Johnson et al. (2012)
and ~ 68% higher than the 2.5 MWb in Imber and Slavin (2017)). In Figure 12d, the
magnetic field intensity in the CME event (the black line) is significantly larger than (al-
most twice) the average magnetotail (the blue dashed line), which is consistent with the
conclusion that the CME event contains extreme large open flux. Using the dipole mo-
ment of 190 nT-R3, (Anderson et al., 2012), the magnetic flux closed outside Mercury’s
surface was ~ 7.25 MWb. This value is obtained through integrating the magnetic field
in the magnetic equatorial plane outside the ~ 0.98 Rp;. The 0.98 Rj; corresponds to
Mercury’s surface in the magnetic equatorial plane, which was obtained based on the north-
ward offset of Mercury’s dipole (~ 0.2 Rys) from the center of the planet. The amount
of magnetic flux in the southern lobe (~ 4.2MWb) implied that ~ 56% of the magnetic
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Figure 13. Overview of the proton and magnetic field measurements in the southern lobe
from 21:43:00 UTC to 22:25:00 UTC on 11 May 2012 during the HSS impact (black lines). (a)
Proton differential particle flux. (b) Be, (¢) By, (d) Bz, (e) By, (f) magnetic field line elevation
angle Op. Blue dashed lines in each panel represent the measurements from the neighboring mag-
netotail crossing prior to the HSS impact. Red vertical dashed lines represent the duration of

magnetic field increases.

flux in Mercury’s magnetosphere was open. However, because this event is during the
impact of a CME, the studies of Slavin et al. (2014) and (Jia et al., 2019) show that mag-
netic flux contributed by induction currents in Mercury’s interior cannot be neglected.
They determine that the effective magnetic moment for Mercury during this CME im-
pact was ~ 216 nT - R3,. The total magnetic flux closed outside Mercury’s surface is
then calculated to be ~ 8.25 MWb. The ~ 4.2 MWb corresponded to ~ 51% of the
total magnetic flux. On the other hand, the open flux in the lobe (~ 4.2 MWb) dur-

ing the steady convection is ~ 42.4% larger than the maximum open magnetic flux dur-
ing Mercury’s Dungey cycle (~ 2.95 MWb) (Imber & Slavin, 2017).

For comparison, the magnetic flux closed outside Earth’s surface was ~ 8 GWb
(Milan et al., 2004), the polar cap open flux was smaller than 1 GWb (~ 12.5%) even
during the intense substorms (AE > 1000 nT) (Petrinec & Russell, 1996; Milan et al.,
2004; DeJong et al., 2007) and the open flux for SMCs and isolated substorms were com-
parable (DeJong et al., 2007; Tanskanen et al., 2005).

—24—

This article is protected by copyright. All rights reserved.



663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

702

703

704

705

707

708

709

710

712

713

4.2 Lobe Magnetic Field on 11 May 2012 HSS

Proton and magnetic field measurements in the southern lobes on 11 May 2012 are
displayed in Figure 13 black lines. Magnetic field intensity from the neighboring mag-
netotail crossing on the same day from 13:30:00 UTC to 15:00:00 UTC are shown as blue
dashed line in Figure 13e. The magnetic field intensity (Figure 13e) for the HSS event
was not as steady as the lobe magnetic field intensity on the CME event (Figure 12d).
We identified magnetic field enhancements with duration > 30 s in both cases. Two mag-
netic field intensity enhancements were identified on 11 May 2012 as shown in Figure 13.
The first enhancement between the first and second vertical dashed lines was actually
a magnetic depression comparing with the surroundings. The magnetic depression was
possibly caused by a diamagnetic effect, in which particle flux was enhanced in the lead-
ing part (around the first vertical dashed line). The second enhancement between the
third and fourth vertical dashed lines did not correspond to clear 6g increase but slightly
decrease, which was likely a consequence of total pressure enhancement outside Mercury’s
magnetosphere (see, Imber & Slavin, 2017) but was not a magnetic flux loading. Fur-
ther, as can be seen in Figure 7f, magnetic field intensity increased after MESSENGER
crossed the current sheet (~ 22:45:00 UTC) comparing with the magnetic field inten-
sity before the current sheet crossing (~ 22:30:00 UTC). This feature is similar to the
CME event, which is because MESSENGER getting closer to the planet and the dipole
magnetic field becoming stronger. Therefore, no clear magnetic flux loading was observed
in the lobe 11 May 2012 (~ 42 minutes) and Mercury’s magnetosphere was under the
steady convection. The supplementary material provides magnetic field measurements
on the northern lobe for the HSS event.

On 11 May 2012, the Bpope was ~ 59.1 nT', which was averaged over 22:05:00 UTC
to 22:23:00 UTC and the radius of magnetotail was 2.43 Ry, (determined in Section 2.3).
Assuming that thickness of the plasma sheet was 0.1 Rj;, the lobe open flux was cal-
culated to be ~ 3.2 MWb, which indicated that 43.8% of the planet’s magnetic flux was
open. The lobe open flux was ~ 27.2 % larger than the average value of 2.5 MWb, and
was ~ 7.8% larger than the maximum open magnetic flux (~ 2.95 MWb) during Mer-
cury’s Dungey cycle (Imber & Slavin, 2017). In Figure 13e, the magnetic field intensity
(blue dashed line) during the neighboring magnetotail crossing is much smaller (~ 40 nT)
than the HSS event, consisting with that the HSS event contains much larger lobe open
flux than the average magnetotail.

4.3 Plasma Mantle on 23 November 2011 CME

The proton and magnetic field measurements of the plasma mantle on 23 Novem-
ber 2011 and the calculation of cross-polar cap potential (CPCP) are shown in Figure
14. Following the crossing of the tail magnetopause (the first vertical dashed blue line,
~ 08:28:00 UTC), the proton flux (Figure 14b) continuously decreased from ~ 3x108 cm 2571
to ~ 6x105 em™2s7! (the second vertical dashed blue line, ~ 08:57:00 UTC), accom-
panying with a dispersion in the proton dynamic spectra (Figure 14a). The spectra show
energy dispersion with the upper bound of the proton energy decreasing as distance from
the tail magnetopause increases, which is the main feature of plasma mantle. The plasma
in the mantle has characteristics similar to the magnetosheath plasma as expected (see,
DiBraccio, Slavin, Raines, et al., 2015; Jasinski et al., 2017). The region of plasma man-
tle close to the tail magnetopause from ~ 08:05:00 UTC to ~ 08:42:00 UTC frequently
observed discrete diamagnetic field decreases or increases, i.e., the plasma filaments and
the TCRs. Those plasma filaments are the magnetospheric extensions of FTEs (Slavin
et al., 2014; Poh et al., 2016), which contain magnetosheath plasma as is evident in Fig-
ure 14.

Measurements in plasma mantle could be used to estimate the cross-magnetosphere
electric field and then the CPCP. The calculation of the cross-magnetosphere electric field
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Figure 14. The proton and magnetic field measurements of the plasma mantle and cal-
culation of the cross-polar cap potential (CPCP) from 08:20:00 UTC to 09:10:00 UTC on 23

November 2011. (a) Proton dynamic spectra. (b) Proton particle flux integrated over the FIPS
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intensity (B;), FTEs are the flux transfer events. (e) Proton bulk velocities (V). (f) the values
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requires proton bulk velocity (V') and dispersion edge angle (©) of the plasma mantle.
The proton bulk velocities (V', Figure 14e) were obtained from the FIPS measurements.
The dispersion wedge angle (O g;spersion) of the plasma mantle could be determined from
the distances between the observation point and the location of magnetopause (o), and
the observation point and the terminator (L), which was based on the assumption that
the plasma mantle was originated at the terminator (X},¢,; = 0). We calculated the

[Vexp| from V sin © gispersion, and then we used |Vexg|B to calculate the cross-magnetosphere

electric field, and ®cpcp (Figure 14f) from |Vgx g|Bdrai, where drga; was the width

of magnetotail in dawn-dusk direction and was determined to be ~ 4.46 Rj;. This cal-
culation process was adopted from DiBraccio, Slavin, Raines, et al. (2015). However, we
only performed these calculations to the plasma mantle portion deeper in the magne-
tosphere to mitigate the influences from FTEs (from ~ 08:42:00 UTC to ~ 08:57:00 UTC,
Figures 14e to 14f). The average magnetic field during this period was [—80.7,40.7, —13.4]
nT. The cross-magnetosphere electric field in the plasma mantle was averaged to be 4.58+
1.0 mV/m (duskward), and the ®cpcp was 45.14£9.8 kV. The 1.0 mV/s and 9.8 kV

are the standard deviations.This potential value was almost triple the average value of

~ 16 kV of Mercury’s magnetosphere (Jasinski et al., 2017), which further confirmed that
Mercury’s nightside magnetosphere was under extreme driving from the solar wind.

The accumulated three-dimensional proton distribution from FIPS in the plasma
mantle (from ~ 08:42:00 UTC to ~ 08:57:00 UTC) is shown in Figure 15. The angular
map (Figure 15a) showed the integrated proton flux in the MSM coordinate, in which
the direction of the magnetic field was located near the edge of the field-of-view of FIPS.
The protons peaked around the magnetic field direction, which closed to the anti-sunward
direction, and there were fewer particles in the directions further away from the mag-
netic field direction. This observation suggested that the protons were mostly moving
antisunward, which was consistent with the flow pattern in the plasma mantle. The av-
erage proton phase space density from ~ 08:42:00 UTC to ~ 08:57:00 UTC was shown
in Figure 15b, in which the average weighted velocity was determined to be ~ 249 km/s.

Several uncertainties arose during the calculation of the CPCP, which include that
the original position of plasma mantle could be away from the terminator, |V| estimated
from the FIPS might be affected by the field-of-view limitation, and the actual width
of the magnetopause was unknown (DiBraccio, Slavin, Raines, et al., 2015). We note that
the twist of magnetotail could also influence the calculation. The magnetotail often tilted
towards dawn or dusk due to the non-zero Y (dawn-dusk) component in the IMF (Cowley,
1981; Owen et al., 1995). The average IMF outside the magnetopause had a large ¥ com-
ponent in this event as shown in Section 2.2, which might cause a tilt of the tail. In ob-
servations, deviation of the cross-tail current sheet normal from 2},¢,, might be used
to indicate the overall twist of the magnetotail. The cross-tail current sheet normal, which
was N = (-0.14, -0.07, 0.99) (from Section 3.1), had a tilt angle of ~ 4.0° and the south-
ern lobe tilts towards the dusk and the northern lobe tilts towards the dawn, which should
only have a small influence on the calculations. Therefore, we ignored this effect in the
calculation.

5 Discussion
5.1 Response to the Dayside Magnetosphere Variations

Slavin et al. (2014) studied the same CME and HSS impacts on Mercury’s dayside
magnetosphere as we consider here, but they only analyzed the dayside interaction. The
solar wind dynamic pressures are similar for these two periods (~ 50 nPa). The CME
event produces low 3 (~ 0.06) and thick plasma depletion layer in the magnetosheath,
which leads to high reconnection rate despite of a small magnetic shear angle across the
magnetopause (~ 60°). The HSS event produces a relatively high 5 magnetosheath but
has a large shear angle (~ 160°). The net effect of the high 8 and large shear angle, which
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were opposing effects, is a lower dayside magnetopause reconnection rate for the HSS than
the value for the CME. This assessment is supported by the deeper and broader cusp
confirming the stronger magnetopause reconnection during the CME impact (Slavin et

al., 2014).

In this study of the nightside magnetosphere, the lobe open flux was ~ 32.1% higher
during the CME event than the lobe open flux in the HSS event. The occurrence rate
of flux ropes during the CME impact observed tailward of the NMNL was twice that of
dipolarization fronts observed planetward of the NMNL during the HSS. Mercury’s night-
side magnetosphere during the CME event was clearly more active than during the HSS.
These features strongly suggest that the magnetosheath S controlled the magnetospheric
activity in the tail. The low magnetosheath 3 could produce strong plasma depletion layer
at the dayside magnetopause and make the magnetopause reconnection rate indepen-
dent of the magnetic shear angles (Sonnerup, 1974; Scurry et al., 1994). In this manner,
the higher reconnection rate of the magnetopause appears to larger magnetic flux trans-
fer from the dayside magnetosphere to the nightside magnetosphere, resulting in enhanced
reconnection in the tail current sheets.

5.2 Steady Convection in Mercury’s magnetosphere

On 23 November 2011, the lobe magnetic field intensity was steady and no clear
magnetic flux loading and unloading events were observed, which sustained a period of
at least ten Mercury’s Dungey cycles (~ 34 minutes) (Section 4.1). On 11 May 2012, the
lobe also did not contain clear magnetic flux loading and unloading in ~ 40 minutes (Sec-
tion 4.2). They both demonstrated that magnetic flux transfer rates in and out of the
magnetotail were comparable on timescales of at least ten Dungey cycles for these two
intense solar wind events. Therefore, Mercury’s magnetosphere appears to have been un-
der quasi-steady convection possibly in analogous to the SMC in Earth’s magnetosphere.
In Slavin, Anderson, et al. (2012), the authors analyzed another possible steady convec-
tion event during the second Mercury’s flyby by MESSENGER. In that event, the IMF
was steady southward and the IMF intensity was close to the average value in Mercury’s
orbit. The continuous appearance of flux ropes and TCRs suggested that the magnetic
reconnection kept on occurring in the magnetotail without clear magnetic flux loading-
unloading in ~ 20 minutes (~ 7 Mercury’s Dungey cycles). The NMNL was determined
to be located at ~ X,¢,, ~ —2.8 Rjs (Slavin, Anderson, et al., 2012). The lobe mag-
netic field was ~ 37 nT (X},q5; ~ —3 Rar) and the open flux content was calculated
to be ~ 2.46 MWb with tail radius of 2.7 Rj; and plasma sheet thickness of 0.1 Rj,.

Table 2 summaries the location of the NMNL, the lobe open flux, and the solar wind
condition for the steady convection events on 6 October 2008, 23 November 2011 and
11 May 2012. The steady convection on 6 October 2008 corresponded to the average so-
lar wind condition. The steady convection events on 23 November 2011 and 11 May 2012
corresponded to extreme solar wind driving (a CME and a HSS). The lobe open flux on
6 October 2008 was ~ 2.46 MWb, which was similar to the average lobe open flux (~
2.5 MWb), and the location of the NMNL was ~ - 2.8 Ry, also similar to the average
location of NMNL (Poh et al., 2017b; Slavin, Anderson, et al., 2012). The lobe open flux
was ~ 4.2 MWb and ~ 3.2 MWb on 23 November 2011 and 11 May 2012, which was ~
68% and ~ 27.2% larger than the average lobe open flux, respectively. The locations
of the NMNL in both events were closer to the planet than that on 6 October 2008.

There are several key aspects of SMC events in Earth’s magnetosphere. Firstly, SMC
events at Earth are associated with steady solar wind long period of southward IMF (>
5 to 10 hours) but only a modest negative IMF B, such as produces isolated substorms
(O’Brien et al., 2002). Secondly, the lobe open flux during the SMC events (0.6 GWDb)
was comparable to the average lobe open flux and was slightly smaller than during the
isolated substorms (DeJong et al., 2007; Milan et al., 2004). Thirdly, the near-Earth neu-
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tral line (NENL) was believed to be located in the mid-tail region at > tens of Rg (Sergeev
et al., 1996; Yang et al., 2010). These aspects are also summarized in Table 2. The steady
convection on 6 October 2008 in Mercury’s magnetosphere (Slavin, Anderson, et al., 2012)
was similar to the first two aspects in Earth’s magnetosphere. It happened during a steady
and long period of southward IMF and the lobe open flux (~ 2.46 MWb) was smaller

than the maximum lobe open flux during Mercury’s Dungey cycle (~ 2.95 MWb). How-
ever, the NMNL was located at ~ 2.8 Rj; downtail, which corresponds to 22.4 Rg if

one took a scaling factor of ~ 8 from Mercury to Earth (Siscoe et al., 1975), which was
much closer to the planet than that at Earth. The steady convection events during the
CME and the HSS at Mercury were different from SMC events in Earth’s magnetosphere
in all the three aspects. First of all, the steady convection event occurred under the im-
pact of a CME or a HSS, which are extreme solar wind conditions. Hence, Mercury’s mag-
netosphere was under much stronger solar wind driving than the SMC events in Earth’s
magnetosphere. Secondly, the lobe open flux was ~ 68% and ~ 27.2% larger than the
average lobe open flux. Thirdly, the locations the NMNL was much closer to the planet
than that in Earth’s magnetosphere.

The above analysis suggested several unique features of the steady convection events
in Mercury’s magnetosphere. Firstly, the locations of NMNL were relatively closer to the
planet than the locations of NENL during Earth’s SMC. The closer NMNL locations to
the planet could be a consequence of solar wind driving and the absence of steady ring
current. On one hand, Mercury is closer to the Sun, corresponding to a lower solar wind
Alfvén Mach number (< 5) than those of Earth (~ 7 — 10). Flux pileup and plasma
depletion are commonly observed in front of the dayside magnetopause (Gershman et
al., 2013), which would produce a low plasma (3 environment and cause high dimension-
less reconnection rate (Slavin & Holzer, 1979; Slavin et al., 2009; DiBraccio et al., 2013).
Comparing to Earth’s dayside magnetopause, magnetic field intensity (Bsg) is stronger
and Alfvén speed (Vagy) is faster in the magnetosheath adjacent to Mercury’s dayside
magnetopause. Magnetic flux was transferred in a continuous manner during the steady

convection, magnetotail reconnection needed to balance the high reconnection rate (Ry;rVasuBsy)

of the dayside magnetopause. Therefore, the magnetic reconnection needed to occur in

the closer planet tail region, since the lobe field intensity was stronger and Alfvén speed
was faster than those in the downtail region. On the other hand, the ring current in Earth’s
magnetosphere could enhance the dipole magnetic field in the downtail region, which would
push reconnection further downtail. Because of the absence of a steady ring current in
Mercury’s magnetosphere, this effect was eliminated and could result in reconnection closer
to the planet.

Secondly, steady convection event could happen in average solar wind condition (the
observation on 6 October 2008) and extreme solar wind condition (CME impact on 23
November 2011 and HSS impact on 11 May 2012) in Mercury’s magnetosphere. How-
ever, the SMC events are observed during average and steady solar wind conditions in
Earth’s magnetosphere (O’Brien et al., 2002; Partamies et al., 2009). In Earth’s mag-
netosphere, a sawtooth event containing quasi-periodic magnetic flux loading-unloading
in the lobe and energetic particle injections in the geosynchronous orbit is observed un-
der the impact of a CME (see., Huang et al., 2003; Henderson et al., 2006).

The absence of ionosphere and inner magnetosphere in Mercury’s magnetosphere
might account for this unique property. In Earth’s magnetosphere, ionospheric outflows
would be enhanced during strong solar wind driving (e.g., Lennartsson & Shelley, 1986;
Moore et al., 1999; Echer et al., 2008). On one hand, as suggested by Brambles et al.
(2011), ionospheric outflows could fill the inner magnetosphere, and then distend the night-
side magnetic field line, which could push the X-line downward and resulted in quasi-
periodic substorms. On the other hand, ionospheric outflows in the plasma sheet could
slow the reconnection rate (Shay & Swisdak, 2004; Zhang et al., 2016). Magnetic flux
would be piled up in the lobe causing magnetic flux loading and push reconnection site
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tailward moving. As a consequence, a closer planet reconnection occurs and release the
loaded magnetic flux resulting in unloading, and would also eventually cause quasi-periodic
substorms, that is sawtooth event. However, Mercury’s magnetosphere does not expe-
rience these influences from the inner magnetosphere and the ionosphere.

Thirdly, the steady magnetospheric convection at Mercury seems does not strongly
depend on the polarity of IMF. In the CME event, the magnetic shear angle was (~ 117°)
before MESSENGER entered the tail magnetopause. On the dayside magnetopause, the
magnetic shear angle became much smaller (~ 60°), however, the plasma § was low (~
0.06) (Slavin et al., 2014). This suggests that the steady magnetospheric convection does
not strongly rely on the magnetic shear angle, which should be due to the fact that the
formation of thick plasma depletion layer, especially during the CME event, make the
dayside magnetopause reconnection occur regardless of the magnetic shear angle (DiBraccio
et al., 2013; Slavin et al., 2014; Scurry et al., 1994). This feature is different from the
Earth’s SMC, which requires weak negative B, (O’Brien et al., 2002; Partamies et al.,
2009).

5.3 Dawn-Dusk Extent of Magnetic Reconnection in the Plasma Sheet
on 23 November 2011

During the steady convection, the magnetic flux transported to the plasma sheet
from lobes should be equal to the magnetic flux transported by reconnection outflows.
On 23 November 2011, the CPCP was determined to be ~ 45.1 kV (shown in Section
4.3) on the basis of our analysis of FIPS measurements in the high-latitude mantle. Given
this fact, the dawn-dusk extent of the tail magnetic reconnection could be easily derived.
This implies a magnetic flux transport rate from the lobe to the cross-tail current sheet
of 45.1 kWb/s. The speed of reconnection outflow should be the Alfvén speed in the in-
flow region (Var), which was calculated to be ~ 2090 km/s based on a density of 1.01 em™3
and the Brp of 95 nT. Magnetic flux transported by the magnetic reconnection in the
plasma sheet can be calculated through Ry;rVarBrpYestent, where Ryrr was the di-
mensionless reconnection rate, Y,,ien: was the extent of X-line in the dawn-dusk direc-
tion. The average Rj;r was determined to ~ 0.093 (Section 3.4). Therefore, the Yeptent
was ~ 2441 km (~ 1 Rjs). This indicates that ~ 20.7% of the cross-tail current sheet
needs to reconnect to balance the transport of magnetic flux in Mercury’s magnetotail.
The X-line dawn-dusk extent obtained here should be an average value. The variations
of the magnetic reconnection rate would result in changes in the X-line extent. Table 3
summarizes the features of magnetic reconnection in the plasma sheet on 23 November
2011, including the guide field, maximum by, reconnection rate and dawn-dusk extent
of the X-line.

6 Conclusion

This study investigated and compared the dynamics of Mercury’s nightside mag-
netosphere during the impact of a CME and a HSS. Our analysis of Mercury’s magne-
totail and the comparisons with tail dynamics in Earth’s magnetosphere resulted in sev-
eral important conclusions.

(1) The CME on 23 November 2011 produced quasi-periodic flux rope groups with
a mean duration of 70 seconds on the tailward side of the NMNL. The flux rope groups
contained large-scale flux ropes (tens of proton inertial lengths) in the leading part fol-
lowed by smaller-scale flux ropes (several proton inertial lengths). The HSS on 11 May
2012 produced dipolarization fronts on the planetward side of the NMNL. These reconnection-
generated magnetic structures are separated by only several seconds and they had length
scales comparable with a proton inertial length. The occurrence rate for the flux ropes
and dipolarization fronts are two orders of magnitude higher than the occurrence rate
averaged over all plasma sheet observations (Sun et al., 2016).

—30—

This article is protected by copyright. All rights reserved.



919

920

921

922

924

925

926

927

928

929

930

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

950

(2) The open magnetic flux in the tail lobes during these extreme solar wind events
was around half of the Mercury’s total available magnetic flux, i.e., ~ 58% for the CME
and ~ 44 % for the HSS. These open magnetic flux are also much larger than the max-
imum lobe open magnetic flux during Mercury’s Dungey cycle, i.e., ~ 42% for the CME
and ~ 7.8% for the HSS.

(3) The occurrence rate of the reconnection-generated magnetic structures during
low 5 magnetosheath CME event is twice that during the high 8 magnetosheath HSS
event. Further, the lobe open magnetic flux during the CME event (4.2 MWDb) is much
larger than that (3.2 MWb) during the HSS event. These results suggest that enhanced
reconnection due to low magnetosheath 5 may lead directly to more reconnection in Mer-
cury’s tail consistent with the suggestions of earlier studies (Slavin et al., 2014; DiBrac-
cio et al., 2013).

(4) In the CME event, magnetic reconnection produces a distorted Hall magnetic
field (the out-of-plane component) pattern in the plasma sheet. The MESSENGER mea-
surements suggests a strong guide field (Bguide/Brobe ~ 0.29). The cross magnetosphere
potential drop (45 kV) is around three times the average value (15 kV), and the dawn-
dusk extend of the X-line corresponds to 20% of the tail width.

(5) No tail lobe magnetic flux loading and unloading events similar to substorms
or sawtooth events were observed suggesting that rates of magnetic flux into and out of
the magnetotail were similar on time scales at least ten Mercury’s Dungey cycles (half
an hour) during these CME and HSS events. Mercury’s nightside magnetosphere was
under a type of quasi-steady convection during these extreme solar wind conditions. To-
gether with previous observation by Slavin, Anderson, et al. (2012), the quasi-steady con-
vection could occur over a wide range of solar wind conditions in Mercury’s magneto-
sphere. SMC events at Earth require the steady solar wind magnetic field and velocity
of average intensity (O’Brien et al., 2002). The relative locations of the NMNL during
quasi-steady convection events at Mercury was much closer to the planet than at Earth
based upon the scaling between Mercury and Earth. We suggest that the lack of an in-
ner magnetosphere and an ionosphere, which could influence the tail reconnection dur-
ing extreme conditions, makes the steady convection possible at Mercury. The low so-
lar wind Alfvén Mach number and the lack of steady ring current account for the rel-
atively closer location of the NMNL at Mercury.
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Table 1. Local Coordinates for Cross-tail Current Sheet

Minimum Variance Analysis Vectors Product
o/ o/ Lmva Myya Nva Luectors Myectors Nvectors
23 November 2011 ~238 ~34 (0.98,-0.20, 0.07) (0.19,0.98, 0.10) (-0.08, -0.08, 0.99) (0.98,-0.10,0.14) (0.09, 0.99, 0.08) (-0.14,-0.07, 0.99)
11 May 2012 ~32.0 ~1.1° (0.994, 0.08,0.07)  (-0.025, 0.86, -0.50)  (-0.10, 0.50, 0.86) (0.999, 0.0, 0.045)  (-0.015, 0.94, -0.33) (0.04,0.33,0.94)

“ The ratio smaller than 3 indicates My, and Ny, were degenerated.
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Table 2. Features of Steady Convection events at Mercury and Earth

a

Steady Convection Events at Mercury  Solar Wind Condition NMNL Location Lobe Open Flux  Comparing to Average Lobe Open Flux (~ 2.5 MWb)
6 October 2008 ” Average Solar Wind intensity ~-2.8 Ry ~2.46 MWb ~-1.6%
23 November 2011 A CME ~-251 Ry to~-2.28 Ry ~4.2 MWb ~ 68%
11 May2012 An HSS ~-2.45Ry to ~-2.34 Ry ~3.2 MWb ~27.2%
SMC Events at Earth © Solar Wind Condition NENL Location Lobe Open Flux  Comparing to Average Lobe Open Flux (~ 0.6 GWb)
Average Solar Wind intensity <- 60 R (~ 7.5 Ry) ~0.6 GWb ~0%

 Average lobe open flux at Mercury is 2.5 MWb (Imber & Slavin, 2017), and at Earth is ~ 0.6 GWb (Milan et al., 2004).

® This event was from Slavin, Anderson, ct al. (2012).

° The statistical properties of SMC at Earth are from DeJong et al. (2007); O'Brien et al. (2002); Yang et al. (2010) etc.

4 The scaling factor from Mercury to Earth is 8 (Siscoe et al., 1975).
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Table 3. Magnetic reconnection properties in the plasma sheet on 23 November 2011.

Bguige (normalized to By yp.) Maximum By,/By . (corresponding B;/B;,.)  Dimensionless Reconnection Rate Dawn-Dusk Extent

23 November 2011 ~28.0 nT (~0.29) ~0.83 (-0.25+0.05) ~0.093 ~ 2441 km (20.7% of the tail)
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