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ABSTRACT

Context. The first BepiColombo Mercury flyby offered the unique opportunity to simultaneously characterize the plasma and the
magnetic field properties of the solar wind in the vicinity of the innermost planet of the Solar System (0.4 AU).

Aims. In this study, we use plasma observations by SERENA/PICAM and magnetic field measurements by MPO-MAG to characterize
the source with intermittent features (with a timescale of a few minutes) at ion energies above 1keV observed in the solar wind
upstream of Mercury.

Methods. The solar wind properties have been investigated by means of low-resolution magnetic field (1 s) and plasma (64 s) data.
The minimum variance analysis and the Lundquist force-free model have been used.

Results. The combined analyses demonstrate that the intermittent ion features observed by PICAM at energies above 1keV can
be associated with the passage of an interplanetary magnetic flux rope. We also validate our findings by means of Solar Orbiter
observations at a larger distance (0.6 AU).

Conclusions. The core of an interplanetary magnetic flux rope, hitting BepiColombo during its first Mercury flyby, produced high-
energy (>1 keV) intermittent-like particle acceleration clearly distinct from the background solar wind, while at the edges of this

interplanetary structure compressional low-energy fluctuations have also been observed.

Key words. solar wind — Sun: magnetic fields — plasmas

1. Introduction

The interplanetary medium is permeated by an ionized gas, that
is the solar wind plasma, flowing away from the Sun’s upper
atmosphere (i.e., the solar corona) and carrying out mostly pro-
tons, electrons, and « particles (i.e., He™), together with a large-
scale solar magnetic field (Gurnett & Bhattacharjee 2005). Since
the era of space missions (1970s), the main features of the solar
wind have been traced out: it has a mean flow speed around
400-450km s~!; its density varies from 50 to 60 cm™ (close to
the Sun, Sarantos et al. 2007) to a few particles per cubic cen-
timetres (close to the Earth and beyond); its proton tempera-
ture varies between 10°eV and 8 x 10°eV; and the magnetic
field magnitude scales with the distance from the Sun (R) as

By R2, with By ~ 150nT close to the Sun (Tu & Marsch 1990;
Verscharen et al. 2019; Chen et al. 2020; Alberti et al. 2020;
Telloni et al. 2021; Sun et al. 2022). When interacting with a
planetary magnetic field or atmosphere, a planetary magneto-
sphere or induced magnetosphere would be formed, and the solar
wind initiates many fundamental plasma processes, for example,
transferring energy, mass, and momentum to the planetary mag-
netosphere (Akasofu 2021; Slavin et al. 2021), triggering plasma
instabilities at the boundaries (Slavin et al. 2009), and so on.
Despite these continuous interactions, the interplanetary
medium is also sometimes permeated by transient solar struc-
tures emitted directly from the solar surface and upper atmo-
sphere, such as coronal mass ejections (CMEs), interplane-
tary shocks, and magnetic flux ropes (FRs; Temmer 2021;
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Foullon & Malandraki 2018). These structures carry out a huge
amount of energy and mass, thus producing space weather
events on planetary environments as magnetic storms, magneto-
spheric substorms, etc. The space weather events would energize
particles, inject energetic particles into low altitude, increase
electromagnetic radiation, and eventually produce hazards for
spacecraft, infrastructures, and human life (Bothmer & Daglis
2007). Typically, solar transient events such as CMEs and FRs
interact with the ambient solar wind and can be accelerated
or decelerated during their time spent travelling within the
interplanetary space. The interaction between the FRs and their
ambient solar wind would generate compression regions and in
situ phenomena-like shocks, instabilities, and particle accelera-
tions.

On 01 October 2021 BepiColombo made its first encounter
with Mercury, passing through the dusk flank of the mag-
netopause, entering the inner equatorial magnetosphere, and
exiting from the dayside (Mangano et al. 2021; Benkhoft et al.
2021). Among operating instruments, the fluxgate magnetome-
ter (MPO/MAG) and the ion camera (SERENA/PICAM) jointly
collected data in the upstream solar wind and in the inner mag-
netosphere of Mercury (Orsini et al. 2022).

In this work, we use plasma observations by SERENA/
PICAM and magnetic field measurements by MPO-MAG to
characterize the source of these intermittent ion features (with
a timescale of a few minutes) observed at energies above 1 keV
in the solar wind upstream of Mercury (Sect. 2). By applying
the minimum variance analysis and the Lundquist force-free fit-
ting model (see Sect. 3), we are able to demonstrate that these
intermittent features can be associated with the passage of an
interplanetary magnetic FR. Furthermore, by making use of a
radial alignment between BepiColombo and Solar Orbiter, with
the latter being located at a larger distance (0.6 AU compared
to 0.4 AU), we are able to validate our findings as to the FR
occurrence as well as to derive its main features in the expand-
ing phase. This study represents the first case study of a mag-
netic FR observed simultaneously close to Mercury and further
away and it shows the potential of multi-spacecraft investiga-
tions for detecting solar transient events (Mangano et al. 2021;
Mostl et al. 2022).

2. Data

Figure 1 reports the trajectory of the first BepiColombo flyby
to Mercury in the Xyso—pmso plane. The Mercury Solar Orbital
(MSO) coordinate system has its origin at the centre of Mercury
with the X-axis being positive in the solar direction, the Z-axis is
along the planetary rotation axis, and the Y-axis is positive oppo-
site to the direction of Mercury’s orbital velocity completing the

right-handed system (pmso = +/Yyso

responds to the time interval considered in this study when Bepi-
Colombo sampled the upstream solar wind near Mercury when
joint investigations between PICAM and MPO-MAG were pos-
sible. The grey line represents the average bow shock surface
(Slavin et al. 2009; Winslow et al. 2013).

We used BepiColombo magnetometer data at 1-s reso-
lution by the MPO-MAG instrument (Glassmeier et al. 2010;
Heyner et al. 2021) and plasma observations at 64-s resolution
from the PICAM unit (Orsini et al. 2010, 2021) of the first
Mercury flyby on 01 October 2021 to simultaneously charac-
terize the plasma and the magnetic field properties of the solar
wind. Complimentary to the magnetic field components, we also
evaluated the cone 6. and clock ¢. angles of the magnetic field

2 .
+ Zi1s0)- The red line cor-
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Fig. 1. Trajectory (dashed-dotted black line) of the first BepiColombo
flyby to Mercury in the Xyso—omso plane in units of the radius of
Mercury, Ry = 2439.7 km (the black arrow marks the spacecraft direc-
tion). The red line corresponds to the time interval considered in this
study corresponding to PICAM measurements and when BepiColombo
sampled the solar wind near Mercury. The grey line represents the aver-
age bow shock surface (Slavin et al. 2009; Winslow et al. 2013). The
inbound and outbound bow shock crossings are marked by blue text.

as follows:
B2+ B?

6, = arctan —5 | (D
B,

o = arctan(E;). 2)

They are useful parameters to characterize the direction of the
interplanetary magnetic field. Specifically, when 6. = 0° or
6. = 180°, the magnetic field is sunward or anti-sunward, while
6. = 90° implies a perpendicular field to the Mercury—Sun line.
Additionally, ¢. shows the direction in the plane perpendicular
to the Mercury—Sun line, with ¢. = 0°(90°) indicating a field
in the Yyso—Zmso direction. We also used Solar Orbiter mag-
netometer data at 1-s resolution by the Solo/MAG instrument
(Horbury et al. 2020). Figure 2 reports the magnetic field mea-
surements (middle), the cone 6, and the clock ¢, angles (bottom),
and the omni-directional time-energy ion counts (top).

The omni-directional distribution observed by PICAM high-
lights a quite warm, dense, and low energy (peaking at about
600 eV) solar wind. This would correspond to a slow solar wind
with a speed around 340 kms~!. An interesting feature observed
by the ion camera was the occurrence of >1-keV ion enhance-
ments, mostly directed in the opposite direction to the solar wind
plasma (see Fig. 3), in close correspondence with the pointing
of the SERENA/PICAM boresight towards the flank of the bow
shock. Indeed, the SERENA/PICAM boresight rotated during
the time interval moving from a perpendicular direction to the
solar wind plasma flow, passing through the parallel direction.
Two likely candidates can be the source of the high-energy par-
ticle enhancements observed in the upstream solar wind: on the
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Fig. 2. Omni-directional time—energy ion counts (fop), magnetic field measurements (middle), and cone 6. and clock ¢. angles (bottom). The
vertical dashed-dotted lines indicate the time intervals of interest marked by (1), (2), and (3), respectively. The horizontal dotted line in the bottom
panel refers to the Parker spiral angle 0p, while the arrow marks the rotation of the magnetic field.

one hand, dynamical processes occurring in the near-Mercury
electromagnetic environment (as foreshock ions are transported
upstream along the magnetic field lines); on the other hand, a
solar transient event such as a CME or a magnetic FR. Further-
more, around 20:40 UT and 21:00 UT, low-energy ion enhance-
ments were also observed. These three intervals (marked by (1),
(2), and (3) in Fig. 2) are considered in this study.

Simultaneous magnetic field measurements seem to suggest
that the high-energy intermittent features are not correlated with
magnetic signatures (e.g., wave-like activity, bursts, etc.), while
the low-energy enhancements occur jointly with wave-like sig-
natures and instabilities. By looking at the cone angle 8., we
can observe that the Interplanetary Magnetic Field (IMF) is
less radial than nominal between 19:01 and 20:30 UT, decreas-
ing from 6. ~ 90° to 6. ~ 6p, with Gp being the Parker
spiral angle. Then, the field remains spirally aligned, that is
6. ~ 6p up to ~21:05 UT. After that, it tilts between the anti-
sunward and the perpendicular direction. The clock angle ¢, is
mainly eastwards between 19:01 and 20:10 UT, rotating north-
wards around 20:15 UT, then switching again between eastwards
(20:30-21:05 UT) and northwards (21:05-21:15UT).

3. Results and discussions

We provide a deeper investigation of the observed features by
focussing on the three time intervals separately.

3.1. Interval (1) 19:51-20:03: High-energy ions

Intermittent-like high-energy enhancements are observed by
PICAM when the magnetic field pointed northwards (¢. ~ 90°)
during a clear eastward-northward-eastward magnetic field rota-
tion lasting from 19:00UT to 20:30 UT. This rotation could

be attributed to the passage of an interplanetary magnetic field
structure, a magnetic cloud, or a magnetic FR, producing high-
energy particle acceleration with respect to the background solar
wind (peaking at about 600eV). A magnetic cloud is usually
associated with a CME, while a magnetic FR is a small, transient
event (Burlaga 1988). Since no CMEs were erupting from the
Sun on the previous day, the most probable candidate remains
a FR. A typical signature of this structure is an increase in
the average magnetic field magnitude (with respect to the main
background field), a decrease in the variance of magnetic field
fluctuations, and a smooth change in polarity in one of the field
components (Moldwin et al. 2000). They last from a few min-
utes to a few hours and may be able to accelerate particles
(le Roux et al. 2018). The smooth rotation has been observed
in the clock angle ¢. and it mainly corresponds to a rotation
of the By mso (see Fig. 2). To assess the other two features, we
report the behaviour of the magnetic field intensity and the ratio
between magnetic field fluctuations and its modulus in Fig. 4.

We clearly observe an enhancement in the intensity of the
magnetic field and, at the same time, a decrease in its fluctua-
tion level, thus confirming our initial speculation as to the possi-
ble existence of an interplanetary magnetic FR. To further char-
acterize this structure, we first performed a minimum variance
analysis (MVA; Sonnerup & Cahill 1967) on the magnetic field
components to have a clear indication of the rotation of the mag-
netic field and then we performed a fitting extrapolation based
on the Lundquist force-free model (Lundquist 1951).

The MVA consists in rotating the magnetic field components
onto a system, which allowed us to investigate the crossing of a
magnetic field structure and/or discontinuity. The basic assump-
tion is indeed that the time series under investigation is repre-
sentative of a stationary structure (current layer or sheet, shock
or discontinuity, etc.) crossed by the spacecraft. The mathemat-
ical background consists in determining the eigenvalues and the

A35, page 3 of 8
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(magenta lines). Bottom: magnetic field measurements. The vertical dashed-dotted lines indicate the time intervals of interest (see Fig. 2).
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Fig. 4. Behaviour of the magnetic field intensity B (black line) and the
ratio between magnetic field fluctuations and its modulus 6B/B (red
line). The arrow marks the rotation of the magnetic field.

eigenvectors of the covariance matrix C of the magnetic field
components whose elements c;; are defined as

cij = (BiBj) — (Bi)(B)), (3)

where i, j refers to the magnetic field components and (---)
stands for time average over a specific interval. This requires to
solve the secular equation

Ce=Ale 4

to find the minimum e,,;,, intermediate e;,;, and maximum e,
variance directions associated with the lowest A.;,, interme-
diate Ajp, and maximum A,,,x eigenvalues of C. Although a
stationary condition is required, the diagonalization of C can
still be obtained for non-stationary time series provided that
the eigenvalues are well separated, that is neighbouring eigen-
value ratios >3, providing a quality check of the obtained
results (Sonnerup & Cahill 1967). In our case, we applied
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Table 1. Eigenvalues A and eigenvectors e of the covariance matrix C
obtained from the BepiColombo magnetic field data.

min int
A 1.32 10.53
e [-0.99,-0.10,0.07] [0.05,0.16,0.98]

max

79.21
[0.11,-0.98,0.16]

the minimum variance analysis over the full rotation of the
B, .mso component, thus averaging over the time interval from
19:00 UT to 20:30 UT. The results of the MVA are reported in
Table 1.

Since the ratios between the eigenvalues are larger than
3, then the minimum variance results are acceptable. Figure 5
reports the hodogram representation of the magnetic field com-
ponents in the minimum variance coordinate.

The magnetic field hodogram representation highlights a
clear rotation in maximum-intermediate plane, thus confirming
the presence of an interplanetary magnetic FR (Moldwin et al.
2000).

In order to determine the main features of the FR, we also
performed a Lundquist fitting procedure. The Lundquist FR
model (Lundquist 1951) starts by solving the force-free equa-
tion J X B = 0. The force-free FR corresponds to the minimum
energy state of FRs, in which the gradient of the thermal pres-
sure is negligible (Vpy ~ 0) and the magnetic pressure gradient
is balanced by the magnetic tension force:

2 .
V(B ):B VB_ )

% Ho

Lundquist (1951) introduced the idea of using the Bessel func-
tions to describe the force-free magnetic field lines in the
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Fig. 6. Lundquist fitting results of the FR hitting BepiColombo: mag-
netic field components in the minimum variance directions (grey lines)
superposed with fitting results (coloured lines).

cylindrical coordinates of FRs (see also Burlaga 1988)

Bp = Jpo(ar)By (6)
Bt = Jpi(ar)BoH @)
Br =0 ®)

where Bj is the axial magnetic field component, Jpy and Jp
are the zeroth and first-order Bessel functions, @ = 2.4048 is a
constant, By is the magnitude of the core field of the FR, By is the
tangential magnetic field component, H is the handedness of the
magnetic helicity, and By is the radial magnetic field component.

We have assumed a travelling speed of 340 km s~! for the FR
(according to the mean energy observed by SERENA/PICAM)
and have deemed e;,; as the axial direction. The fitting curves
are the coloured lines, which overlap with the grey, measured,
magnetic field components in Fig. 6.

The fitting resulted in an impact parameter of 0.55, which
indicated the closest approach distance to the centre of the FR to
the radius of the FR. BepiColombo was approximately halfway
from the centre of the FR. The fitting gave a radius of 2.1 X
10° km and a core field of 19 nT for the FR.

As a final, further check to confirm our detection of the
interplanetary FR, we performed a similar analysis (MVA and
Lundquist fit) on Solar Orbiter (SolO, Miiller et al. 2020) mag-
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Fig. 7. Magnetic field intensity observed at the BepiColombo orbit
(upper panel) and that observed at the SolO orbit (middle panel),
together with the cone and the clock angles (lower panel) observed at
the SolO orbit.

Table 2. Eigenvalues A and eigenvectors e of the covariance matrix C
obtained from the Solar Orbiter magnetic field data.

min int
A 1.05 4.49
e [0.70,0.63,0.33] [-0.59,0.77,-0.23]

max

26.15
[0.40,0.04,-0.92]
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Fig. 8. Hodogram representation of the magnetic field components in
the minimum variance reference frame: maximum-intermediate plane
(blue line) and maximum-minimum plane (green line).
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netic field data (Horbury et al. 2020). Indeed, SolO was located
at a distance of 0.64 AU from the Sun (0.26 AU from Bepi-
Colombo) and the two spacecraft were radially aligned rather
well, longitudinally separated by less than 10°, and lying on the
same side of the heliospheric current sheet'. Figure 7 shows a
comparison of the magnetic field intensity observed at the Bepi-
Colombo orbit and that observed at the SolO orbit, together with
the cone and the clock angles observed at the SolO orbit.

As for BepiColombo, a clear rotation can be identified in
SolO data lasting from 08:00 up to 09:15 where the clock angle
describes an eastward-northward-eastward rotation. To better
identify the FR, we again performed the MVA on Solar Orbiter
data, whose results are shown in Table 2.

Since the ratio between the eigenvalues is again larger than
3, then the minimum variance results are appropriately obtained.
Figure 8 reports the hodogram representation of the magnetic
field components in the minimum variance coordinate.

A clear rotation of the magnetic field vectors is shown in the
maximum-intermediate plane, which confirms the presence of
an interplanetary magnetic FR.

As for BepiColombo, to determine the main features of the
FR, we also performed a Lundquist fitting procedure (see Fig. 9).
We have assumed a 340kms~! travelling speed of the FR as
well. The impact parameter was determined to be 0.22, which
indicated that Solar Orbiter traversed deeper into the core of the
FR. The fitting resulted in a radius of 1.0 X 10’ km and a core
field of 14 nT for the FR.

3.2. Interval (2) 20:34-20:44 and interval (3) 20:57-21:08:
Low-energy ions

As shown in Fig. 2, PICAM observed low-energy wave-like
signatures at the edges of the FR (marked by (2) and (3) in
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Fig. 2) which are rather well correlated with wave-like activi-
ties observed by MAG. To investigate the existence of waves, we
performed a dynamical spectrum analysis on the magnetic field
data rotated in the mean-field aligned (MFA) coordinate system.
In this new system, the Zya is along the low-pass filtered mag-
netic field, while Xypa and Yypa are combined into a right- and
left-handed coordinates:

Xmra + 1Y
R = SMFA 21 MFA’

XMrA — I Y™ra
—

The results for the compressional (C = Zyra) and the right- and
left-hand polarized fields R/L are shown in Fig. 10.

We clearly observed the enhancements in the power spec-
tral density during intervals (2) and (3) at high frequencies,
mostly centred around 0.1 Hz. More specifically, the compres-
sional component of fluctuations, that is that aligned along
the magnetic field, shows larger increases with respect to the
right- and left-hand components. This suggests that there exist
wave-like structures which locally accelerate low-energy ions
observed by PICAM; on the other hand, the high-energy ion
enhancements do not seem to be driven by wave-like processes.
These wave-like structures can be the result of the passage of
the interplanetary FR since they match its boundaries (edges).
However, due to the low-resolution magnetic field data, we can-
not explore if these wave-power enhancements can be attributed
to specific patterns as whistler waves or the kinetic counter-
part of Alfvénic correlated waves, that is kinetic Alfvén waves
(KAWs), occurring at frequencies of tens of Hz. According to the
range of frequencies, it seems they could be related to compres-
sional waves likely generated by magnetohydrodynamic (MHD)
Binstabilities occurring around the ion cyclotron frequency,
thus suggesting the possible occurrence of Kelvin—Helmholtz
instability.

©))

L= (10)
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Rpp ~ 2.1 % 105 km =
B,,,.| ~19nT O))
m =[-0.10, — 0.17,0.98]
Vg ~ 340kms~!
Bepi
01-Oct-2021
18:30-20:30

R ~ 1.0x 107 km

|B.,p | ~ 14 0T
= [-0.59,0.77, — 0.23] Solo
03-Oct-2021
06:30-08:30

Fig. 11. Schematic view in the R—T plane of the evolution of the FR (size, direction, and parameters) from the BepiColombo to Solar Orbiter
location. The FR rotated from the N direction into the R—T plane (see text for details). We note that Rgy is radius of the FR, B, is core field of
the FR, vgy is travel speed of the FR, and 7z is the axial direction of the FR in RTN coordinates.

4. Conclusions

During its first flyby to Mercury on 01 October 2021, the SER-
ENA/PICAM ion camera onboard BepiColombo observed both
the background (thermal) solar wind distribution, mostly cen-
tred around 600 eV, thus corresponding to a slow solar wind,
as well as the occurrence of high-energy (>1 keV) ion enhance-
ments, mostly directed in the opposite direction to the solar wind
plasma. By combining plasma and magnetic field measurements,
we associated these intermittent features with the passage of a
small interplanetary magnetic FR. Our findings have also been
validated by means of Solar Orbiter measurements located at a
larger distance (0.6 AU), also allowing us to retrieve the main
features of the FR in its expanding phase. Furthermore, while the
core of the FR produced high-energy (>1 keV) intermittent-like
particle acceleration clearly distinct from the background solar
wind (see interval (1) in Fig. 2), which is in agreement with
previous observations and simulations (e.g., Zank et al. 2014;
le Roux et al. 2015), at its edges compressional low-energy fluc-
tuations have also been observed, likely generated by MHD
instabilities occurring around the ion cyclotron frequency, thus
suggesting the possible occurrence of Kelvin—Helmholtz insta-
bility (Van Eck et al. 2022). Summarizing, we reported the first
case study of a magnetic FR simultaneously observed close
to Mercury and further away, showing the potential of multi-
spacecraft investigations for detecting solar transient events
(Mostl et al. 2022). The detected FR (see a schematic view in
Fig. 11) expanded its size from a radius of 2.1 x 10%km at
Mercury (0.4 AU) to a radius of 107 km at a Solar Orbiter loca-
tion (0.6 AU). Its main core field reduced from 19 nT to 14 nT,
thus suggesting that it continued to expand further away from
Solar Orbiter. Indeed, according to the Parker field evolution
B(r) = Byr~2, which represents a static view of the evolution of
the interplanetary magnetic field, we should obtain a core field of
~12nT at a Solar Orbiter location. Furthermore, the two space-
craft crossed the magnetic FR in a different way: while Bepi-
Colombo observed a flux tube whose main axis was directed
along the normal direction (i.e., perpendicular to the orbital

plane of the spacecraft), the flux tube axis lies in the orbital plane
at Solar Orbiter. Finally, according to preliminary analysis on the
Hermean environment seen by BepiColombo (Orsini et al.
2022), the magnetosphere of Mercury was in its nominal con-
ditions, thus suggesting that it reconfigured after the passage
of the FR.
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