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ABSTRACT

Context. The Mercury electron analyzer (MEA) obtained new electron observations during the first three Mercury flybys by Bepi-
Colombo on October 1, 2021 (MFB1), June 23, 2022 (MFB2), and June 19, 2023 (MFB3). BepiColombo entered the dusk side
magnetotail from the flank magnetosheath in the northern hemisphere, crossed the Mercury solar orbital equator around midnight in
the magnetotail, traveled from midnight to dawn in the southern hemisphere near the closest approach, and exited from the post-dawn
magnetosphere into the dayside magnetosheath.

Aims. We aim to identify the magnetospheric boundaries and describe the structure and dynamics of the electron populations observed
in the various regions explored along the flyby trajectories.

Methods. We derive 4s time resolution electron densities and temperatures from MEA observations. We compare and contrast our
new BepiColombo electron observations with those obtained from the Mariner 10 scanning electron spectrometer (SES) 49 yr ago.
Results. A comparison to the averaged magnetospheric boundary crossings of MESSENGER indicates that the magnetosphere of
Mercury was compressed during MFB1, close to its average state during MFB2, and highly compressed during MFB3. Our new MEA
observations reveal the presence of a wake effect very close behind Mercury when BepiColombo entered the shadow region, a signif-
icant dusk-dawn asymmetry in electron fluxes in the nightside magnetosphere, and strongly fluctuating electrons with energies above
100s eV in the dawnside magnetosphere. Magnetospheric electron densities and temperatures are in the range of 10-30 cm™ and
above a few 100s eV in the pre-midnight-sector, and in the range of 1-100 cm™> and well below 100 eV in the post-midnight sector,
respectively.

Conclusions. The MEA electron observations of different solar wind properties encountered during the first three Mercury flybys
reveal the highly dynamic response and variability of the solar wind-magnetosphere interactions at Mercury. A good match is found
between the electron plasma parameters derived by MEA in the various regions of the Hermean environment and similar ones derived
in a few cases from other instruments on board BepiColombo.

Key words. plasmas — instrumentation: detectors — planets and satellites: detection

1. Introduction

The space exploration of Mercury started with the Mariner 10
mission launched by NASA on November 2, 1973. Of its three
encounters with Mercury, two were sufficiently close to allow
the study of the planetary system on its own. During its first
flyby on March 29, 1974 and third one on March 16, 1975, the
spacecraft flew from the southern hemisphere of Mercury to the
northern one, crossing the equatorial plane around the midnight
sector and flowing over the northern polar region, respectively.
Mariner 10 carried a fluxgate magnetometer and two plasma

science instruments. The latter were composed of the scanning
electrostatic analyzer (SEA) measuring ions and electrons in
the sunward direction, and the scanning electron spectrometer
(SES) measuring electrons between 13 and 700 eV in the anti-
sunward direction (Ogilvie et al. 1977). However, technical issues
on the SEA made plasma measurements possible only with the
SES (Ogilvie et al. 1977). Despite this limitation, the combi-
nation of electron and magnetic field measurements allowed
operators to detect the presence of an intrinsic magnetic field
at Mercury as well as the existence of a magnetosphere simi-
lar to that of the Earth but smaller in size. In particular, SES
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measurements showed that the electron moments inside the mag-
netosphere of Mercury differed from those of the surrounding
solar wind (SW), with magnetospheric densities estimated to be
around 1 cm~3 and magnetospheric temperatures estimated to be
around 20-40 eV and 200 eV in the cool and hot plasma sheets,
respectively.

The first spacecraft to orbit Mercury, MESSENGER
(MErcury Surface, Space ENvironment, GEochemistry, and
Ranging), was launched by NASA on August 3, 2004. Obser-
vations from MESSENGER’s highly elliptical orbits (9300 x
200 km) during the time period from 2011 to 2015 enabled sta-
tistical studies of the plasma properties in the magnetosphere
of Mercury. Zhao et al. (2020) analyzed 5 yr of ion moments
obtained in the 50 eV q! to 20 keV q~! energy per charge range
from the fast imaging plasma spectrometer (FIPS) together with
magnetic field measurements obtained from the magnetometer
(MAG) on board MESSENGER, and report a significant dusk-
dawn asymmetry, with higher values on the dawnside for the
density and pressure of protons, the most abundant ion species.
They also report that in the nightside equatorial magnetosphere
of Mercury the density of protons reaches a maximum average
of 4 cm=3.

In this paper, we summarize electron plasma observations
obtained during the first three Mercury flybys of the Bepi-
Colombo mission by the Mercury Electron Analyzer (MEA)
of the Mercury Plasma Particle Experiment (Saito et al. 2021)
on board the Mio spacecraft. The MEA consists of two top-
hat electrostatic analyzers that measure, during those flybys,
electrons between 3 and 3000 eV for MEA1 and between 3
and 27000 eV for MEA2. Each sensor includes microchannel
plate (MCP) detectors in a chevron stack configuration with
16 discrete anodes (or sectors) of 22.5° resolution in azimuth.
During the cruise phase of BepiColombo, MEA works in a low-
resolution telemetry mode (L.-mode), in which an energy sweep
consists of only 16 discretized energy bins. The data products
used in the present study are electron omnidirectional fluxes
(Et-OMN, hereinafter referred to as OMNI, available for both
MEA1 and MEA?2) and full 3D electron distribution (hereinafter
referred to as 3D, only available for MEA1). In L-mode, the
OMNI combine all the counts of the different sectors with a
time resolution of 4 s, whereas 3D enables one to obtain a com-
plete angular energy spectrum with a time resolution of 640 s.
However, the magnetospheric orbiter sunshield and interface
structure (MOSIF) partially obstructs the field of view (FoV)
of MEA during the cruise phase of BepiColombo, and therefore
only two sectors for each sensor can detect electrons in free space
and are used to estimate their parameters (Rojo et al. 2023).

The aim of this paper is to compare and contrast the first
electron parameters derived from MEA observations during
each of the first three Mercury flybys of BepiColombo (here-
inafter referred to as MFB1, MFB2, and MFB3) as well as those
deduced 49 yr ago with the SES instrument of Mariner 10 dur-
ing its first Mercury flyby (hereinafter referred to as M10 FB1).
Section 2 summarizes the geometric properties of the differ-
ent encounters with Mercury. Section 3 gives an overview of
the different regions crossed by BepiColombo and Mariner 10
identified from their respective energy-time electron count rate
spectra. Section 4 shows and compares the electron density and
temperature profiles obtained for each flyby. Section 5 put our
results into the context of observations from MESSENGER,
Parker Solar Probe (PSP), and complementary instruments on
board BepiColombo. Section 6 concludes our study.
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2. Geometrical properties of the BepiColombo
flybys

The first three Mercury flybys occurred during the cruise phase
of BepiColombo in which the two spacecraft, Mio and the
Mercury Planetary Orbiter (MPO), were stacked together with
the Mercury Transfer Module (MTM) (Murakami et al. 2020).
The same side of the spacecraft is always pointing sunward dur-
ing the entire cruise phase. Figure 1 shows the geometries of
BepiColombo’s first three Mercury flybys and compares them
with the geometry of the first flyby of Mariner 10. This choice is
motivated by the close similarity of their trajectories. The tra-
jectories are represented in the Mercury solar orbital (MSO)
coordinate system, where X points at the Sun, -Y points in the
orbital direction of Mercury, and Z completes the right-hand
set and points northward. The closest approach (CA) took place
at 23:34 UTC on October 1, 2021 at an altitude of 199 km
above the planet’s surface for MFBI1, at 09:44 UTC on June
23, 2022 at an altitude of 200 km for MFB2, at 19:34 UTC
on June 19, 2023 at an altitude of 236 km for MFB3, and at
20:47 UTC on March, 29 1974 at an altitude of 703 km for
MI10 FB1. The corresponding heliocentric distances of Mercury
to the Sun are 0.380, 0.378, 0.326, and 0.46 astronomical units
(AU) for MFB1, MFB2, MFB3, and M10 FBI1, respectively. As
is seen in Fig. 1, BepiColombo entered the dusk side (Yyso > 0)
magnetotail (Xyso < 0) from the flank magnetosheath in the
northern MSO hemisphere (Zyso > 0), crossed the MSO equa-
tor (Zmso = 0) around midnight (Yvso = 0 and Xyso < 0) in the
magnetotail, traveled from midnight to dawn (Ymso < 0) in the
southern MSO hemisphere (Zyiso < 0) near CA, and exited from
the post-dawn magnetosphere into the dayside magnetosheath
(Xmso > 0) during MFB1, MFB2, and MFB3. Contrary to Bepi-
Colombo, Mariner 10 crossed Mercury’s magnetotail from the
southern to the northern hemisphere during M10 FB1.

3. Overview of magnetospheric regions crossed
by BepiColombo

Figure 2 shows energy-distance electron spectrograms obtained
by MEA 1 during MFB1, MFB2, and MFB3, and compares
them with the electron spectrogram obtained by the SES instru-
ment during M10 FB1. The electron spectrograms are displayed
as a function of the distance along the Yyso axis in order to
take advantage of the similarity between the spacecraft trajec-
tories and make the comparison of the magnetospheric regions
crossed by the spacecraft easier. Since all spacecraft entered the
Hermean magnetosphere from the dusk side (Yyso > 0), times
increase from right to left. Except for MFB1, all the boundaries
crossed by BepiColombo were directly determined from the
electron spectra obtained by MEAI. Due to a telemetry data gap
during MFB1, no inbound BS crossing was directly measured by
MEA . The inbound BS and MP and outbound MP crossings were
determined with the help of the Mercury Ion Analyzer (MIA)
and the Energetic Neutral atom Analyzer (ENA) of MPPE. Here,
they were extracted from Harada et al. (2022) and Aizawa et al.
(2023). During MFB2, MEA1 could not observe the inbound
bow shock (BS) as the trajectory of BepiColombo had an angle
of —45° with respect to the Xyso axis in the XY plane. For M10
FB1, the boundaries were extracted from Ogilvie et al. (1974), in
which they identified the boundary crossings with the help of the
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Fig. 1. Geometry of the flybys from BepiColombo and Mariner 10 in the MSO coordinate system with average BS and MP models displayed
with dashed gray lines. The origin of the MSO coordinate system is at the planetary center of mass, +X is sunward, +Y lies in the orbital
plane, perpendicular to +X and opposite to the direction of planetary orbital motion (i.e., +Y is positive toward dusk), and +Z is normal to the
orbital plane and positive northward. From left to right: MFB1 (October 1, 2021), MFB2 (June 23, 2022), MFB3 (June 19, 2023), and M10 FB1
(March 29, 1974). Top: trajectories in the XY plane. Bottom: trajectories in the XZ plane. Distances to the planet are given in Mercury radii, 1 Ry =
2440 km. The marks are the time in UTC (HH:MM).
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Fig. 2. Energy—distance spectrograms of electron count rates displayed as a function of the distance along the Yyso axis. From top to bottom:
MEA1 observations for MFB1, MFB2, and MFB3, and SES observations for M10 FB1. The vertical dashed green line delineates the CA. For each
flyby, the spacecraft altitude (in Mercury radius) and the time (in UTC, HH:MM) are indicated below the corresponding plot. We note that the time
increases from right to left. The red, green, and light and dark blue boxes above the corresponding plot delineate the SW, the magnetosheath, the
magnetosphere, and the eclipse (or shadow regions) crossed by the spacecraft for each flyby, respectively.
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Table 1. Time (in UTC) of the different boundary crossings identified from electron observations during MFB1 (October 1, 2021), MFB2 (June 23,

2022), MFB3 (June 19, 2023), and M10 FB1 (March 29, 1974).

Boundary MFB1 MFB2 MFB3  MI0FB1

Bow Shock 22:45:24/22:49:53 - 18:44:22  20:27:00

Inbound  Magnetopause 23:08:30 09:10:00  19:14:00  20:37:00
Eclipse 23:23:41 09:27:43  19:23:49  20:41:58

Eclipse 23:36:32 09:45:07 19:38:36  20:49:17

Outbound Magnetopause 23:41:00 09:52:10  19:45:00 20:54:10
Bow Shock 23:45:30 09:56:42  19:52:00 20:57:20

Notes. Inbound and outbound entries into or exits from the eclipse (or shadow) region were determined with SPICE kernels.

magnetometer. All the times of the different boundary crossings
identified are listed in Table 1.

During M10 FB1, SES recorded the main characteristics
of the Hermean magnetospheric environment. The electron
fluxes were the most intense in the magnetosheath, where
the plasma is compressed and heated. The observed energy
of the electrons in the nightside (dayside) magnetosheath is
similar (higher) than the energy of the electrons in the SW,
respectively. In the magnetosphere, a dusk-dawn asymmetry
was observed on the nightside. Whereas MEA confirmed those
tendencies 49 years after the measurements of SES, the new
BepiColombo electron observations also highlighted particular
features.

The first one is what could be a wake effect very close behind
Mercury, measured when BepiColombo entered the shadow
region. The strong electron depletion observed there is similar to
those reported for the THEMIS mission by Xu et al. (2019) and
Tao et al. (2012) in the lunar wake. However, during the wake
crossing, the Electric Field Instrument (EFI) of ARTEMIS P1 is
biased in such a way that the spacecraft potential is maintained
to +2 Volts, as was reported by Halekas et al. (2014). This way,
it ensures that the electron depletion is due to the lunar wake and
not the negative spacecraft potential that would normally affect a
platform in the shadow region. This technique is not possible in
the cruise phase configuration, so the nature of this observation
will be settled during the nominal science phase of the mission.

The second feature is that observations obtained during
MFB1 contrast with those obtained during the other two
Mercury flybys, since no dusk-dawn asymmetry in electron
fluxes was observed on the nightside. Indeed, electrons with sim-
ilar energies were observed on both sides of the planet during
MFBI, albeit with a weaker count rate intensity observed on
the dusk side compared to the dawn side due to the different
distances to the planet. The observed count rates nevertheless
remained very high compared to those observed during MFB2
and MFB3 at equivalent distances to the planet.

The third feature is the systematic observation on the dawn
side of electrons with energies above 100s eV, more pronounced
during MFB2 and MFB3. These high-energy electrons were
observed as transient pulses during MFB2, whereas they were
continuously measured until the outbound magnetopause (MP)
during MFB3. These high-energy electrons could not be fully
detected by SES on board Mariner 10 since the upper energy
limit of this instrument (700 eV) was below the peak energy of
these electrons. A deeper analysis of these high-energy electrons
revealed energy-time dispersed electron enhancements support-
ing the occurrence of multiple substorm-related, impulsive injec-
tions of electrons during MFB1, as has been shown by Aizawa
et al. (2023), electrons accelerated by field-aligned potentials

A243, page 4 of 10

during MFB2 (Aizawa et al. 2024), and the likely observation
of highly dynamic and fluctuating electron populations within
the plasma sheet during MFB3.

The fourth feature is the observation of a significantly lower
SW electron peak energy (20-30 eV), and hence a weaker
electron temperature is expected with SES than the SW electron
peak energy (50 eV on average) observed with MEA. The lat-
ter is consistent with Whittlesey et al. (2020), who reported at
the orbital location of Mercury an energy peak in the 40-60 eV
range or above.

4. Electron parameters: Density and temperature

The procedure used to derive electron density from MEA obser-
vations is described in Rojo et al. (2023). The electron parame-
ters are first deduced from MEAT1 3D data products. We assume
that electrons are isotropic, and assigned to all azimuthal sec-
tors of MEA1 the same count rate as the one observed by the
two sectors that have an unobstructed FoV. We first fit the recon-
structed electron population with a Maxwellian distribution. We
then subtracted the corresponding fit from the observed count
rates, and removed the residual count rates that remained at
low energy, assuming that they correspond to secondary electron
emission. We finally summed the Maxwellian fit and the count
rate at high energy before integrating it over energy and deduc-
ing the electron parameters. In the present work, we extended
the work of Rojo et al. (2023) in order to derive the electron tem-
perature from OMNI data in addition to the electron density. We
invite the reader to refer to Appendix A, where this extension is
described.

The density and temperature estimates for MFB1, MFB2,
MFB3, and M10 FB1 are presented in the same way in Figs. 3
and 4, respectively. The dashed green line and the colored
regions are the same as the ones shown in Fig. 2. For Bepi-
Colombo, the blue stars and red crosses represent the density
or temperature calculated with the 3D and OMNI data, respec-
tively. For MFB2 and MFB3, the observed count rates when
BepiColombo entered the eclipse region were too low to reliably
apply the fitting procedure described previously, and therefore
the corresponding values were not considered.

We first notice that the densities measured by Mariner
10/SES are lower than those measured by BepiColombo/MEA
in all the regions crossed by the spacecraft. During MFB3, the
SW electron densities are three to four times denser than those
measured during MFB1 and MFB2. As has been observed on
Earth and other planets, the electrons in the magnetosheath are
denser and hotter due to their compression between the BS and
the MP. This effect is most clearly noticeable during the out-
bound magnetosheath crossings, but also during the inbound
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Fig. 3. Electron density measured during BepiColombo and Mariner 10 flybys. From top to bottom: electron density profiles for MFB1, MFB2,
MFB3, and M 10 FB1 displayed as a function of the distance along the Yyso axis. The vertical dashed green line delineates the CA. For each flyby,
the spacecraft altitude (in Mercury radius) and the time (in UTC, HH:MM) are indicated below the corresponding plot. We note that the time
increases from right to left. The red, green, and light and dark blue boxes below the corresponding plot delineate the SW, the magnetosheath, the
magnetosphere, and the eclipse or shadow regions crossed by the spacecraft for each flyby, respectively. The blue stars and red crosses represent
the densities deduced from the 3D and OMNI data products of MEA1, respectively.

ones for MFB3 and M10 FBI1. For all flybys, the magneto-
sphere of Mercury appears as a cavity repelling electrons from
the SW. In the pre-midnight sector (Yyso > 0 and Xyso < 0),
the magnetospheric electron densities remain quite stable, with
values between 10 and 30 cm™ depending on the flyby. As
BepiColombo flies closer to the planet in the post-midnight
sector, the magnetospheric electron densities fluctuate signif-
icantly but differently for each flyby, with values between 1
and 100 cm™. A similar trend is observed for magnetospheric
electron temperatures, with values well above a few 100s eV,
except during MFBI1. The average temperature of the plasma
sheet electrons observed during MFB3 in particular is close to
300 eV.

5. Discussion

Figure 5 shows a comparison between the positions of the aver-
aged BS and MP crossings of MESSENGER and the ones
made by BepiColombo during the three Mercury flybys. The
boundaries are represented in an aberrated Mercury solar mag-
netospheric (MSM) coordinate system. This accounts for the
SW aberration and the northward dipole offset (+0.196 Ry on
Zymso)- It indicates that the magnetosphere of Mercury was com-
pressed during the outbound leg of MFBI, close to its average
state during both the inbound and outbound legs of MFB2, and
highly compressed again during the whole MFB3. A fit to the
found BS and MP locations using the empirical models from
previous studies yields extrapolated outbound standoff BS

planetocentric distances of 1.67, 2.03, and 1.62 Ry; for MFBI,
MFB2, and MFB3, respectively, and extrapolated inbound-
outbound standoff MP planetocentric distances of 1.40/1.22,
1.00/1.50, and 1.04/1.17 Ry for MFB1, MFB2, and MFB3,
respectively. These estimated values have to be compared to the
mean standoff BS and MP distances derived from MESSENGER
observations of 1.90 and 1.45 Ry, respectively. The inferred
inbound-outbound standoff MP values correspond in the KT17
magnetospheric field model (Korth et al. 2017) to a disturbance
index (Dst) of 47/100, 0/100, and 100/100 for MFB1, MFB2,
and MFB3, respectively. The estimated SW dynamic pressure
calculated by considering both statistical values obtained by
MESSENGER observations and a theoretical model of the com-
pression of Mercury’s magnetosphere that includes the effects
of induction at Mercury’s core corresponding to the equa-
tion shown in Jia et al. (2019) is in the range of 15.05/23.95,
24.27/, and 32.03/32.03 nPa for the inbound-outbound legs of
MFB1, MFB2, and MFB3, respectively, which is higher than
the most probable dynamic pressure of 10 nPa derived from
MESSENGER observations. A summary of all these estimates
is given in Table 2.

A comparison of our SW electron densities calculated dur-
ing MFB1 and MFB2 with those observed in the heliosphere
at the orbital distance of Mercury and reported in previous sta-
tistical studies (Sun et al. 2022; Dakeyo et al. 2022) shows a
good agreement. On the contrary, our SW electron density cal-
culated during MFB3 with values as high as 200 cm™ exceeds
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Fig. 4. Same as Fig. 3 but for the temperature of electrons (in eV).

Table 2. Estimated distance of extrapolated standoff BS and MP locations, estimated SW dynamic pressure (in nPa), SW density derived from
MEA observations (in cm™>) at the BS in the SW, and estimated SW velocity (in km s~'), for inbound and outbound observations.

Parameters MFB1 MFB2 MFB3
BS standoff distance (Ry) - -
MP standoff distance (Ry) 1.40 1.00 1.04
Inbound  SW dynamic pressure (nPa) 15.05 24.27 32.03
SW density (cm™3) 55+2  43x2 160 + 6
SW velocity (km s™') 404 +7 58111 346+6
BS standoff distance (Ry) 1.67 2.03 1.62
MP standoff distance (Ry) 1.22 1.50 1.17
Outbound SW dynamic pressure (nPa)  23.95 12.8 32.03
SW density (cm™3) 78 +3 77 +£3 334+ 12
SW velocity (km s™') 429+8 3166 2404

those reported in these studies. However, such high SW density
values are reported by Lavraud et al. (2020) during the first
orbit of PSP. They point out that a dense SW can be observed
during heliospheric plasma sheet or heliospheric current sheet
crossings, and we suggest that this was also the case during
MFB3. Interestingly, the day before MFB3, PSP was upstream
and radially aligned with BepiColombo, and we take advan-
tage of this configuration with two-point measurements in order
to confirm our suggestion. The SW electron densities of about
10 cm™3 calculated during M10 FB1 are four to ten times lower
than those measured during the three BepiColombo flybys. Con-
trary to the density, the SW electron temperatures of about 10—
20 eV calculated during M10 FB1 are in close agreement with
the statistical values of ~18 eV obtained by Rojo et al. (2023) and
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Dakeyo et al. (2022). We also note that our inferred SW veloc-
ity during the inbound leg of MFB1 agrees with the observation
of a slow SW with a speed of around 340 km s~! reported by
Alberti et al. (2023) from the Planetary Ion CAMera (PICAM)
instrument on board BepiColombo.

A comparison of our magnetospheric electron densities with
the ion densities estimated from MIA by Harada et al. (2022)
during MFB1 also shows a good agreement in three of the four
cases in which they are able to get estimates. During MFB3, the
two derived datasets again show a good agreement, which con-
firms that low-energy ions are present in the magnetosphere of
Mercury (Hadid et al. 2024). The BepiColombo magnetospheric
electron and ion densities are globally higher than the ones
estimated from the MESSENGER FIPS ion measurements



Rojo, M., et al.: A&A, 687, A243 (2024)

(&)
i

EN
L

Yiism + Zigsm [Rml
w

N
L

Xwmsm [Rum]

Fig. 5. Location of the magnetospheric frontiers crossed by Bepi-
Colombo during its three first Mercury flybys. Pink (orange) dots show
all BS (MP) crossings identified from MESSENGER and Mariner-10
observations. The solid black, blue, and green lines with arrows show
the trajectories of BepiColombo during MFB1, MFB2, and MFB3,
respectively, together with the outbound BS (blue crosses) and inbound
and outbound MP (pink crosses) crossings identified by MEA and
MPPE. The two solid conic lines correspond to average BS and MP
locations derived from MESSENGER observations, whereas the two
dashed conic lines correspond to the fit to the outbound boundary loca-
tions identified by MEA and MPPE.
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Fig. 6. Map of the different regions crossed during the three flybys of
Mercury by BepiColombo, in the density and temperature space. The
dark blue squares, light blue diamonds, dark green crosses, light green
plus signs, and red points represent the dawnside and duskside magneto-
sphere, the dawnside and duskside magnetosheath, and the SW regions,
respectively.

summarized in Zhao et al. (2020). Our electron densities also
agree with the lower and upper density limits determined by
the Spectroscopie des Ondes Radio et du Bruit Electrostatique
Thermique (SORBET, Kasaba et al. 2020) instrument on board
BepiColombo (Griton et al. 2023). They derive electron den-
sities from quasi-thermal-noise spectroscopy between about 13
and 70 cm™> and between about 7 and 40 cm™ (40% lower) for
MFBI1 and MFB2, respectively.

The three BepiColombo Mercury flybys provided us,
49 years after Mariner 10, with snapshots of electron properties

in the Hermean magnetosphere. Figure 6 represents a “map” of
the observed electron parameters, organized in the n,—T, space,
which is very useful for organizing and deciphering the structure
of the magnetosphere of Mercury, as Geach et al. (2005) did with
electron moments obtained from the Cluster mission in order to
characterize the regions of the Earth’s magnetosphere. This map
strengthens the existence of a significant dawn-dusk asymmetry
in the magnetosphere of Mercury, highlights how the magne-
tosphere, magnetosheath, and SW electron populations at dusk
share overlapping properties (log7. < 1.5), and suggests the
presence of warmer electron populations at dawn (log 7. > 2.0),
at least for MFB2 and MFB3. The temperature symmetry mea-
sured during MFB1 is observed for 1.5 < log T, < 2.0. This map,
restricted to a limited number of electron observations available
so far at Mercury, will be significantly completed with observa-
tions obtained during the nominal orbital phase of BepiColombo
at Mercury that will start at the end of 2025.

6. Conclusions

The MEA electron observations of different SW proper-
ties encountered during the first three Mercury flybys reveal
the highly dynamic response and variability of the SW-
magnetosphere interactions at Mercury. The magnetosphere of
Mercury is compressed during MFB1, close to its average state
during MFB2, and highly compressed during MFB3.

The MEA electron observations reveal the presence of a
wake effect very close behind Mercury when BepiColombo
entered the shadow region, a significant dusk-dawn asymmetry
in electron fluxes on the nightside magnetosphere, and strongly
fluctuating electrons with energies above 100s eV on the dawn-
side magnetosphere. Magnetospheric electron densities and tem-
peratures are in the range of 10-30 cm™3 and above a few 100s eV
in the pre-midnight-sector, and in the range of 1-100 cm~> and
well below 100 eV in the post-midnight sector, respectively. A
good match is found between the electron plasma parameters
derived by MEA in the various regions of the Hermean envi-
ronment and similar ones derived in a few cases from other
instruments on board BepiColombo. The density-temperature
map of electron populations at Mercury illustrates the proper-
ties of the different regions of Mercury’s magnetosphere crossed
during the BepiColombo flybys.
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Appendix ADerivation of electron parameters from
MEA1 observations

=== Count rate (3D)

Count rate (OMNI)
- corrected count rate (3D)
corrected count rate (OMNI)
+  Maxwellian fit (3D)
¢ Maxwellian fit (OMNI)

Difference between Maxwellian
fit & original count rate (3D)

+ idem (OMNI)

10°

104

Count rate (counts/s)

103

o

‘.
XX
&
s %28
55
o9
&
SRS
:‘0’0:: 3
Statedee
,Qiop

$929.0.9.9.9.9,
X2

5%
b
otzo
d0%;
5
K
§CKS
S

%
2585
0::
2

RS

%
<

<

102

102 103

Energy (eV)

10!

Fig. A.1: Count rate

In order to help the reader to understand how n, and T, were
derived, we set out here the method described in Rojo et al.
(2023). The procedure is summarized in Figure A.l. We pro-
ceeded in four steps using 3D data products of MEAL: (1) we
detected the maximum count rate (solid red line) associated with
the electron core population. Assuming it to be isotropic and
Maxwelllian, we fit the electron core with a Maxwellian distri-
bution function (red stars). (2) We subtracted the fit from the
original count rate signal. The results include a low (uniform
shaded purple area) and a high-energy (hatched shaded purple
area) residual count rate. The low-energy residual was associated
with secondary emission and was then removed. (3) We summed
the Maxwellian fit representing the electron core population with
the high-energy residual count rate to obtain a new count rate
signal without secondary electrons (dashed dark brown line). (4)
We deduced n, and T, from the resulting new count rate signal
by integrating it with Equations 4 and 5 from Rojo et al. (2023).

When BepiColombo is close enough to the Sun (rgepi—sun <
0.4 AU), we can detect the maximum count rate of the core elec-
tron population from OMNI data products. This peak can only
be detected in the MEA1 sectors open to space. Hence, apply-
ing the same procedure to the OMNI count rate (solid green
line), we should retrieve the same value of T,.. On the other hand,
estimates of n, from OMNI data products should be underesti-
mated. We present in Fig. A.2a and A.2b a comparison between
the densities and temperatures estimated from 3D and OMNI
data, respectively. In these figures we use MEA1 data obtained
inside 0.4 AU during the three Mercury flybys and the SW Octo-
ber 2022 campaign. We see that T, and n, calculated from 3D
and OMNI data are highly correlated, with a correlation coef-
ficient, r, of 0.92 for each moment and T,3p =~ 1.1 X T, omni,
which confirms our hypothesis. The electron densities calculated
from OMNI data can be multiplied by a constant factor to repro-
duce the density calculated from 3D data. With this method, the
secondary low-energy electrons included in the OMNI data of
MEALI are efficiently removed.
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Fig. A.2: Correlations between electron moments derived with
3D and Omni data product: (a) Comparison between density and
(b) temperatures.

Appendix B: Estimation of the uncertainties on
electron parameters

With the current configuration of BepiColombo, it is difficult to
accurately estimate the uncertainties due to several issues. (1)
The MEA is located in a tiny space at the bottom of MOSIF.
Spacecraft charging inside the MOSIF thermal shield can pre-
vent low-energy electrons from entering MEA1. This charging
effect depends on SW parameters that are time-variable. (2) The
narrow FoV of MEAL1 forces us to make the assumption that
the electron populations are isotropic, which is not always true.
(3) The electron densities are first determined using the 3D data
products from MEA 1, then a correction is applied to the electron
density determined from the OMNI data products, assuming that
the two densities are correlated.
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Fig. B.1: Relative variation (lo/ul) of density (blue) and temperature
(red) as a function, VXN, for each distribution. The dashed black curve,
oc 1/ VEN, shows how the density error scales.

We estimated the systematic uncertainties on the plasma
parameters by using Equations 2 and 19 in the article of Gersh-
man et al. (2015). We calculated the parameter uncertainties from
velocity distribution functions with random errors, using 3D data
products from MEA 1. The relative uncertainties of n, and T, are
shown in Figure B.1. Here, N represents the counts of an entire
distribution, and o and y are the uncertainty and the parameter
value (here n, or T,), respectively. We find that the relative uncer-
tainties of the density, dn,, lie between 1% and 20% and that the
relative uncertainties of the temperature, 67, lie between 3%
and 35%. The median values of 6n, and 6T, are 3.7% and 7%,
respectively. Because of all the error sources discussed above, we
estimate that those uncertainties can only represent lower limits.
Moreover, the fact that the density and temperature errors scale
almost perfectly as 1/ VEN is due to the Maxwellian fit on the
core electron population. We decided not to show the error bars
in Figure 3 and 4 because, due to the use of a logarithmic scale,
the error bars would not be visible.
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