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Abstract (< 150 words)

Whistler-mode chorus waves are natural electromagnetic emissions known to play a key
role in electron acceleration and loss mechanisms via wave—particle interactions in planetary
magnetospheres. No evidence of the presence of chorus waves in Mercury’s magnetosphere has been
reported, because of its small size largely occupied by the planet. Here we present the direct probing
of chorus waves in the localized dawn sector during the first and second Mercury flybys by the
BepiColombo/Mio spacecraft. Mio’s search coil magnetometers detected chorus events with tens of
pico-Tesla intensities in the dawn sector, while no clear chorus activity was observed in the night
sector. Simulation results suggest that this regional difference could be due to the impact of
background magnetic field inhomogeneities on the nonlinear wave generation process. This
observational evidence is crucial for understanding the energetic electron dynamics of the localized

dawn sector of Mercury’s magnetosphere and the diversity of planetary magnetospheres.

Introduction

The planets in our solar system are very diverse!, with some of them being magnetized
(and thus possessing a magnetosphere) while others are not, and some bearing an atmosphere while
others do not. This significantly impacts their interactions with the solar wind, a permanent
super-Alfvénic and super-sonic plasma flow emitted by the Sun?. Understanding the differences
between the Solar System planets is extremely important for identifying potentially habitable
exoplanets where life can exist. The Earth’s magnetosphere acts as an impenetrable barrier for
relativistic electrons, protecting lifeforms from direct exposure to such high-energy particles®.
Although Mercury and Earth are magnetized planets, they exhibit certain differences. Mercury does
not hold a rich atmosphere”, as Earth does, and has weak (approximately 1% of the Earth’s) internal
magnetic fields that form only a small magnetosphere, as discovered by the Mariner 10 flyby
observation in 1974°. Electron observations by Mariner 10 showed Earth-like interactions with the
solar wind that develop a bow shock and a magnetosheath surrounding Mercury’s magnetosphere
similar to the morphology of Earth’s, but with different spatial and temporal scales®. The
MESSENGER observations during its flybys in the 2000s and in orbit in the 2010s quantified
behaviors (e.g., an axially aligned dipole offset to the north by 0.2Ry, where Ry is the radius of
Mercury) of internal magnetic fields” ® ° and a small magnetosphere. The MESSENGER’s Fast
Imaging Plasma Sensor (FIPS) detected ions with energies of 0.1-13 keV, and identified
quasi-trapped ring current ions in the planet’s magnetosphere™®, but the instrument did not measure
electrons. The MESSENGER electron measurements from ~10 keV to several 100 keV were made
either directly (e.g., solid state detectors) and/or indirectly using effects such as X-ray fluorescence
stimulated in anti-coincidence shields or within the structure of other instruments. The

MESSENGER electron observations revealed energetic electrons at all longitudes with energies
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ranging from a few up to hundreds of keV, but those electrons have an asymmetric dawn to dusk
distribution™ *2. The presence of supra-thermal electrons in 1 to 10 keV, inferred from X-ray data
and keV-electron precipitation events, were concentrated at the dawn sector of Mercury*® .
MESSENGER also observed “loading and unloading” of the tail magnetic field strength similar to
what is observed during substorms on Earth, but with shorter temporal (only a few minutes) scales™.
The MESSENGER data further showed that ~25% of the dipolarization events in the near-tail were
closely correlated with energetic electron injections™®. Furthermore, those energetic particle
injections and dipolarization events are most frequent over the dawn side of the magnetosphere (see
a review article™ and references therein). The planetary loss cone is large and it is not favorable to
keep stable particle trapping, because Mercury itself occupies a large portion of the small
magnetosphere. However, Mariner 10’s and MESSENGER’s observations suggest that Mercury’s
magnetosphere evolves with various dynamical Kinetic processes.

It is widely accepted that whistler-mode chorus waves'” '8, which are natural
electromagnetic wave emissions in the very low frequency range (VLF) (several hundreds to tens of
kHz), play an important role in electron acceleration and loss around magnetized planets via
wave—particle interactions®® %> %22 |n particular, chorus waves interact with energetic electrons via
cyclotron resonance, which can lead to a localized enhancement of relativistic electrons that form the
Earth’s and other planetary (Jupiter and Saturn) radiation belts'® 2 22 2324 Chorys waves are
commonly observed in the Earth’s and other planetary (Jupiter, Saturn, and Uranus)
magnetospheres®, but have not been identified in Mercury’s magnetosphere. The Mariner 10 and
MESSENGER spacecraft were not equipped with wave instruments that could probe into the VLF
range of chorus waves. The BepiColombo/Mio (another name for the Mercury Magnetospheric
Orbiter (MMO)) spacecraft that was launched on 20th October 2018%* ' fills this gap by carrying a

full set of plasma and wave instruments® %

, which will allow us to probe the dynamics of the
Hermean environment over a broad range of timescales. In particular, the search coil magnetometers
on board Mio® were carefully designed for probing high-frequency magnetic fluctuations at 0.1
Hz—640 kHz, which include whistler-mode chorus waves, despite the harsh temperature environment
that varies from 4+200°C at Mercury’s orbit to —55°C during the cruise. To take advantage of the
planned Mercury flybys during the cruise phase, the Mio search coil magnetometers were operated
to tentatively detect VLF magnetic fields before the instruments are operated with their full
capabilities after the final insertion at Mercury and boom deployment. Below, we show that this
attempt proved to be conclusive since the Mercury flyby observations gave evidence of chorus
waves based on the wave spectrum measured onboard, although finer structures of typical

rising-tone elements in the time domain could not be acquired due to the telemetry limitations.
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Results
Wave observations by Mio during Mercury flybys

Mio is in a cruise phase and will reach its final orbit around Mercury in December 2025,
when all instruments will be deployed and full observations of plasma waves and plasma particles in
the magnetosphere will be possible. Nevertheless, there are several other opportunities for measuring
plasma waves, such as during planetary flybys. We present wave magnetic field data for the 1st and
2nd Mercury flybys in the VLF range measured by the Mio search coil magnetometers of the plasma
wave instruments (PWI1)* (see Wave magnetic field measurements in Methods section).

Figure 1 shows the Mio orbits and the wave spectra for the 1st (1st October 2021) and 2nd
(23rd June 2022) Mercury flyby events, in which the spacecraft crossed the nightside
magnetospheric tail toward the dayside region. The orbit is drawn in the Mercury solar
magnetospheric (MSM) coordinate system, where +X is oriented sunward, +Y is directed toward
dusk perpendicular to the Mercury—Sun line, +Z is oriented parallel to the north magnetic pole, and
the origin is the magnetic dipole of Mercury located northward with an offset of 0.2 Ry from the
planet center. The closest approaches are at altitude of approximately 200 km at 23:34 UT and 09:44
UT in the 1st and 2nd flybys, respectively. The raw wave spectra include some electromagnetic
interference from the spacecraft body (see Figure S1 in Supplementary Information (SI)) because the
5-m MAST boom on which the search coil sensors are mounted is not deployed during the cruise
phase. However, whistler-mode waves below the electron cyclotron frequency (estimated from an
empirical model®) were clearly observed in the frequency range 0.6-2 kHz during the 1st flyby event
(23:37 to 23:39 UT). Other wave activity below 1 kHz was observed from 23:20 to 23:22 UT when
Mio crossed the magnetic equator (and during 23:29 to 23:31 UT), but it is difficult to determine
whether they are natural wave emissions or electromagnetic interference from the spacecraft because
of their low signal-to-noise ratio (SNR). Similarly, whistler-mode waves were observed in the
frequency range 0.6-1.8 kHz during the 2nd flyby event (09:45 to 09:51 UT). Note that other
broadband plasma waves were also observed above 10 kHz, when Mio crossed the dayside
magnetopause at 23:42 UT (1st flyby) and 09:50 UT (2nd flyby) and the boundary between the
closed and open field lines of the magnetospheric tail in the nightside at 23:19 UT (1st flyby). The
frequency of these broadband waves (that extend from ~10 to over 20 kHz, not shown) is higher than
the electron cyclotron frequency and possibly lower than the plasma frequency, and may play an

important role in locally heating the particles at these boundary layers.
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Figure 1. Wave magnetic field spectra of whistler-mode waves in Mercury flybys. (a) BepiColombo
Mio orbits. The white solid-dotted line is the Mio trajectory during the 1st flyby (23:10-23:50 UT)
and the white dotted line is that for the 2nd flyby (09:10-10:00 UT). The blue, yellow, and sky-blue
curves are projections onto the corresponding planes. The dots indicate the Mio location every 5
minutes. The green shaded zone highlights the regions where the whistler-mode waves were
observed. (b and c) Wave spectra from 0.5 to 20 kHz measured by the search coil magnetometer
during the 1st and 2nd flybys. The white solid lines indicate the electron gyrofrequency estimated
from an empirical closed field lines model®. Note that panels b and ¢ have different time ranges. The
color map image of Mercury in panel @ is published at
https://photojournal.jpl.nasa.gov/catalog/PI1A17386. Image credit of Mercury: NASA/Johns Hopkins
University Applied Physics Laboratory/Carnegie Institution of Washington.

For both Mercury flyby events, clear whistler-mode wave activity appeared in the dawn
side after the closest approach, even for electron cyclotron frequencies of only a few kHz in the
nightside. In the 2nd flyby, which showed more activity, the whistler-mode waves were detected up
to near the dayside magnetopause. A video showing the spacecraft orbit and the location of the
magnetopause and bow shock boundaries is given in the Sl (supplementary movies 1 and 2).
Because Earth’s magnetic moment points southward, the Earth’s chorus emission waves also show
stronger wave activity in the dawn side®"*? due to electron injections from the magnetotail that drift
eastward. Mercury’s magnetic fields with highly compressed (dayside) and stretched (nightside)
structures should impact the wave growth rate (see Figure 2 and the discussion below). Although
chorus wave spectra in the Earth’s magnetosphere typically show a power gap at half the electron

33, 34, 35

gyrofrequency , the observed whistler-mode waves at Mercury do not show such a gap. The
reason might be related to the characteristics of wave normal angles at the Mio’s off-equatorial
region. A power gap can be caused by damping of obliquely propagating waves away from the

source region®*. Unfortunately, information on wave normal angles and polarization is not available
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because of telemetry limitation, but this gap should be filled by future flybys that will cover higher
latitude regions.

The propagation distance from the source to the spacecraft location may be different
between the night and dawn sides. Figure la shows that both flyby paths in the nightside were
located near the lower magnetic latitudes. This implies that the propagation effects from the source
cannot explain the presence of localized whistler-mode waves, and that other physical conditions
that impact the wave generation and growth processes are at work. We focus on the difference in the
background magnetic field between the night and dawn sectors. Because of the single-point
observations, it is difficult to specify regions that grow while propagating from the source region. As
a simple assumption, we considered the curvature around a region with B,,;;,, which maximizes the
linear growth rate®®. Figure 2 shows the distance between Mio and Mercury, the wave magnetic field
intensity, and the curvature of the background magnetic field line for both flyby events. The

curvature of the background magnetic field line is calculated from the relation

a=2(22-1), )

5% \Bmin

where s is an infinitesimal distance along a background magnetic field line from the minimum
background magnetic field B,,;, plane with a simple assumption of a parabolic curve®. We use
s = 0.2Ry for the wave growth due to magnetic inhomogeneity. The background magnetic field
lines are plotted in Supplementary Figure S2 for reference. We found that whistler-mode waves can
be generated in a region with a lower curvature (below 1.5 x 10712 m~2) on the dayside compared
with the wave activity measured at the same distance from Mercury in the nightside. The magnetic
inhomogeneity is an important parameter that controls the threshold amplitude of the nonlinear wave
growth rate for the chorus emission waves® *. Previous electron observation'? and simulation** **
studies indicate that moderate energy (keV) electrons can be quasi-trapped at distances ranging from
1.1to 1.5 Ry. The fact that Mio observed an enhancement of whistler-mode wave activity of several
tens of pT for distances of 1.1 to 1.5 Ry is consistent with the region containing quasi-trapped

40, 41 6.11.16.40.41 van act as seed electrons that feed the

moderate energy (1-10 keV) electrons™ ™, as these
instability leading to the observed whistler-mode waves. The observed whistler-mode waves should
become chorus emission waves at Mercury via a nonlinear wave growth process related to the
magnetic inhomogeneity*’. Assuming an electron density of 10 to 20 cm™3 in the plasma sheet® **
the resonant electron energy for whistler-mode waves* at 0.2f., becomes 60 to 10 keV in both
events. The resonant electrons can then precipitate to Mercury’s surface, which in turn can cause the
X-ray aurora observed at Mercury*® ™. Our observations of dawn whistler-mode waves support the
MESSENGER observations of localized high-energy electrons concentrated at the dawn side'? near
the equatorial region. The observed dawn whistler-mode waves reported here should also explain (at

least partly) the precipitation of keV-energy electrons in the dawn sector'® .
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Figure 2. Observed whistler-mode wave intensity related to the distance from Mercury and the
background magnetic curvature. (al and a2) Distance from Mercury. (bl and b2) Chorus wave
intensity (gray) and smoothed data (black) using a running average. The green areas indicate the
observed regions of clear dawn chorus. (c1 and c¢2) Curvature of the background magnetic field line

at the location showing the minimum strength deduced from an empirical model®.

Simulation results

To numerically estimate the effects of background magnetic field curvature on the
generation of chorus emission waves at Mercury, we conducted a one-dimensional full
particle-in-cell (PIC) simulation® along an ambient background magnetic field line modeled in a
Mercury environment (see PIC simulations in Methods). Based on our previous PIC simulation
studies, which successfully reconstructed chorus emission waves in the Earth’s magnetosphere®® and

revealed the importance of nonlinear resonant currents in the generation of chorus emission waves®*.



208
209
210
211
212
213
214
215
216
217

218
219

220
221
222
223
224
225
226
227
228
229

We note that the present simulation parameters (see PIC simulations in Methods) are different from
the typical values taken for the chorus generation region of the Earth’s inner magnetosphere, in
particular, we use a 10 times higher density of cold electrons*®, a one-tenth slower velocity of
energetic electrons (based on the scaling law*® and Mariner 10 observations®), a 3 times wider loss
cone angle at the magnetic equator, and a much larger (10 thousand times) stretching of the
background magnetic field line (based on the empirical model®). The assumed density ratio of
energetic to cold electrons is smaller than that for the Earth’s outer magnetosphere (L~10.5)*.
Therefore, our simulations offer new conditions to study the chorus wave generation, different from
those at Earth.
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Figure 3. PIC simulations in Mercury’s environment. RUN1 is for a less stretched field line
condition estimated from the model for flyby observations. RUN2 is for a more stretched field line
condition (4 times RUN1). In the lower panels, the black solid curves indicate the optimum
amplitudes for T = 0.15,0.25,0.5, and 1.0 from the above curves (see Nonlinear wave growth in
Methods section for the definition of 1), the dotted black curves are the threshold amplitude for

triggered wave emissions at the source region, and the orange dots are simulated wave amplitudes.

Figure 3 shows simulated dynamic spectra of magnetic field fluctuations of the forward wave packet
with two different magnetic inhomogeneities at the magnetic equator: RUN1 has a small magnetic

inhomogeneity whose value was determined from the observation conditions using an empirical
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magnetic field model’; RUN2 has the same setup as RUN1 but with a magnetic inhomogeneity
4-times larger to reflect the conditions in the night sector, thus allowing us to study the impact of the
day/night magnetic field asymmetry on the wave generation. In RUN1 we clearly see the rising-tone
fine structure of the discrete chorus element similar to Earth’s chorus emission waves, but we see no
specific wave excitation in RUN2. The spatial development of wave growth in both RUN1 and
RUNZ2 are shown in Supplementary Figures S3 and S4. In the absence of accurate measurements of
the cold and energetic electrons densities, it is not possible to compare the wave amplitude observed
by Mio with the theoretical amplitude. However, we can compare the chorus amplitudes for the
simulation with the theoretical prediction of nonlinear wave growth theory* (see Methods). In
nonlinear theory, coherent and strong (a few percent of the amplitude of the background magnetic
field) chorus emission waves with rising-tone structures can nonlinearly grow from an incoherent
seed and weak whistler-mode waves by the effects of a nonlinear resonant current*’. The triggered

condition for the nonlinear wave growth process* is given by

where Q,, is the wave amplitude, Q, is the threshold wave amplitude given for the absolute
instability, and ., is the electron cyclotron frequency at the magnetic equator (source region). In
the nonlinear process, the wave amplitude can take the optimum wave amplitude Q,, for an
optimum wave growth condition*2. The simulated chorus wave amplitudes in RUNL are consistent
with the theoretical optimum amplitudes when the threshold amplitude is lower than the optimum
amplitudes. On the other hand, the threshold amplitude in RUN2 is larger than the optimum
amplitudes in the whole frequency band. The simulated waves in RUN2 show only thermal and
particle noise coming from the limited number of energetic particles in the simulation system, which
are not fed by energy transfer from the electrons, and thus did not grow. Therefore, the fine
structures of the discrete chorus element observed in the simulation suggest that nonlinear

wave-particle energy exchanges can occur under the specific Mercury magnetospheric conditions.

Discussion

Despite operating with a non-deployed boom and limited telemetry in the cruise
configuration toward Mercury, the Mio search coil magnetometers of the PWI found dawn chorus
waves during the two flybys. This result suggests that chorus emission waves, which control the
dynamics of energetic electrons through wave—particle interactions, are ubiquitous in all magnetized
planets of our Solar System. The flyby observations strongly support the idea that the background
magnetic inhomogeneity has a strong impact on the generation process of planetary chorus waves,
which is complemented by the results of simulations in a Mercury environment.

The existence of dawn chorus waves in Mercury suggests the following three-step scenario,
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illustrated in Figure 4. (1) The quasi-trapped electron ring current develops a temperature anisotropy,
in particular on the dayside, which is the seed for initial whistler-mode wave growth. Mercury’s
magnetosphere has a larger loss cone angle of approximately 20 to 30 degrees than that of Earth of a
few degrees®. The effects of drift electron motion in Mercury’s complex background magnetic field
structures with such large loss cone angles are favorable for the development of temperature
anisotropy*’. Large compressional background magnetic fields in the dayside take bifurcated
background magnetic field minima at northward and southward latitudes above the magnetic equator.
Then, electrons with high equatorial pitch angles are forced to drift and get reflected at high latitudes
without passing through the equatorial plane, the so-called Shabansky orbits*. The MESSENGER’s
plasma observations strongly support the effects of Shabansky orbits in Mercury™. These
non-energizing (drift shell splitting and Shabansky orbits*") processes based on the background
magnetic field structures should play a role in developing the temperature anisotropy of seed
electrons. (2) Chorus waves strongly and rapidly scatter energetic electrons through wave—particle
interactions*” “®. The observed dawn chorus waves contribute to electron precipitation on the dawn
side, which can generate part of the X-ray aurora observed at Mercury™ **. However, the X-ray
aurora for Mercury is widely distributed from midnight to predusk sectors in contrast with the dawn
chorus region identified during the 1st and 2nd flybys. A global map of chorus waves in Mercury is
important for understanding loss mechanisms of energetic electrons. In particular, the asymmetric
loss cone width in the northern and southern hemispheres may influence the northward and
southward chorus wave generation. (3) Chorus waves can also rapidly accelerate seed electrons from
hundreds of keV to MeV?® ?: % 2. 24 iy the [imited L-shell. Unlike Earth, Jupiter, and Saturn,
Mercury has no permanent electron radiation belt® *°. If a short-duration quasi-trapped radiation belt
could be generated at Mercury, chorus waves would play an important role in generating tentative

enhancement of higher energy electron populations.
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Three interpretations from dawn chorus in Mercury’s electron dynami
1. Temperature anisotropy of quasi-trapped electron ring current

2. Rapid scattering of energetic electrons to the Mercury’s surface

3. Rapid acceleration of energetic electrons in the limited L-shell

Figure 4. Three possible interpretations deduced from the dawn chorus in Mercury. The map of
Mercury is published at https://photojournal.jpl.nasa.gov/catalog/PIA17230. Image credit of
Mercury: NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution of
Washington.

Further investigations of chorus wave activities are required to better understand the
electron dynamics in Mercury. This observational evidence of chorus waves obtained by Mio during
its Mercury flybys calls for designing and planning more ambitious scientific observations, even
with limited telemetry data, such as probing waveform data during future flybys and the science
phase after the final orbit insertion in 2025. The MAST boom on which the search coil sensors are
mounted will be fully deployed (up to 5-m length) from the spacecraft body. This deployment will
minimize potential electromagnetic interference from the spacecraft, allowing the search coil
magnetometers to obtain data with the highest SNR to fully probe the plasma wave environments in
Mercury’s magnetosphere (including refractive indices, wave-normal angles, polarizations, and fine
structures). To date, we still do not know whether the Earth and Mercury have similar spatiotemporal
properties of their electron-driven chorus. This question will be investigated by a comparison using
new observations of alternating current magnetic fields probed by the search coil magnetometers
onboard the Arase satellite at Earth*® and the Mio spacecraft at Mercury®. The present study paves
the way for these challenging future investigations that will reveal how magnetized planet
environments are shaped by the solar wind in our Solar System, with potential extrapolation to

exoplanets and their interactions with stellar winds.
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Wave magnetic field measurements

The wave magnetic field signals measured by the search coil magnetometers® are
processed by plasma wave instruments (PW1)® and the VLF wave spectrum is covered by the
onboard frequency analyzer (OFA) of the PWI. In the 1st Mercury flyby, we took a higher temporal
resolution of 1 s using relatively few frequency bins of only 90 points from 32 Hz to 1.8 kHz in a
linear increase of a 32-Hz bandwidth and from 1.8 kHz to 20 kHz in a logarithmically increasing
bandwidth. In the 2nd Mercury flyby, we used a lower temporal resolution of 4 s and a higher
frequency resolution with 360 points for 32 Hz to 10 kHz in a linear increase and 10 kHz to 20 kHz
in a logarithmic increase. In both flybys, only wave spectra were measured (no waveforms) because
of the limited telemetry data in the cruise phase during which the spacecraft is not spinning.

Unfortunately, the wave magnetic field below 1 kHz was contaminated by electromagnetic
interference, though this will be reduced after the separation of Mio from the cruise module after
Mercury orbital insertion. Figures 1, 2, and S1 are plotted using the square root of the intensity by
the beta-axial sensor of the low frequency search coil (LF-SC) and the gamma-axial sensor of the
dual-band search coil (DBSC) mounted on the top plate. The raw wave magnetic field spectra that
include some noise are shown in Figure S1 in SI. The denoised wave spectra are shown in Figure 1
to provide further details on the whistler-mode waves. The line spectra showing the 1st to 10th
maximum power were suppressed during the denoising process. The noise-equivalent magnetic
induction (NEMI) for the LF-SC is approximately 40 fT/Hz*? and the NEMI for DBSC is 60
fT/HZ"? at a frequency of 1 kHz®, which are sufficiently low for probing the observed
whistler-mode waves showing pT-intensity levels. In Figure 2, the wave magnetic field intensity is
calculated by integrating the raw spectrum in the frequency range from 0.2f.. to 0.75f.. for the
1st flyby and from 0.2f,. to 0.45f.. for the 2nd flyby for a typical frequency range of chorus
emission waves, where f.. is the local cyclotron frequency calculated from an empirical model®.
We considered a narrower integration bandwidth during the 2nd flyby because the wave data is
subject to stronger interference. If the value of 0.2f.. is lower than 500 Hz, the wave magnetic field
intensities were not calculated to avoid noise contamination. The characteristics of the magnetic field

curvature in Figure 2 did not change when using a different value of s = 0.4Ry,.

PIC simulations

We model the dawn chorus in Mercury by flyby events using fully kinetic PIC code, which
self-consistently solves Maxwell’s equations and equations of particle motion taking into account the
nonlinear Lorentz force and the mirror force coming from the background magnetic inhomogeneity.
The simulation focuses on the region near the magnetic equator, which gives the maximum linear
wave growth®. The physical spatial scale is +10.24 ¢/Q,, centered on the magnetic equator. The

cell size satisfies the Courant condition®?. To evaluate the generation process for chorus emission
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waves in the stretched Mercury background magnetic inhomogeneity and prevent nonphysical
diffusion by enhanced electrostatic thermal fluctuations, we neglect the parallel electric field with
respect to the background field line and the difference in the loss-cone width for both the northern
and southern hemispheres. The background magnetic field line is simply modeled as a parabolic
function as written in Equation 1 (a = 2.4 x 1073 ¢=2Q2, for RUN1) and the loss-cone size at the
magnetic equator is 15.5 degrees. Hot electrons in Mercury’s plasma sheet were identified using
in-situ observations of Mariner 10°. Electron density in Mercury’s magnetosphere were of the order
of 5 particles/cm3 on an average and the typical energies ranged from 0.1 to 1 keV based on the
Mariner 10 electron measurements. A part of these hot plasma sheet electrons with a temperature
anisotropy should become a source to excite initial whistler-mode waves. The Mariner 10 electron
measurements revealed the presence of cold and dense plasma sheet and also hot and tenuous plasm
sheet with a rapid change. The plasma mass density was found to vary from 1 to 650 amu/cm3 using
field line resonance by MESSENGER magnetometer data®. We simply use two populations of
electrons in the simulation: a cold population described by an isotropic Maxwellian distribution and
an energetic population obeying an anisotropic Maxwellian distribution with a loss cone. We set the
initial perpendicular and parallel velocity components (with respect to the background magnetic
field) to Vi, = 0.079¢ and Vi, = 0.053c, where c is the speed of light. We further assume
background immobile ions to neutralize the total plasma electric charge. In the linear wave growth

phase, as the temperature anisotropy of energetic electrons is an important parameter, we assume a

weak temperature anisotropy Ar =;—l— 1=1.2, where T, and T} are electron temperatures
I

perpendicular and parallel to the field line. Typical temperature and densities of both cold and
energetic electrons for Mercury are determined from a scaling law between the Earth’s plasma sheet
and the solar wind*®. The density ratio of energetic to cold electrons is 0.05 and the ratio of plasma
and cyclotron frequencies is 12. We assumed a severe condition using a dense cold component
because the wave growth rate depends on the density ratio of energetic to cold electrons®® and can
take a larger value in a case with a hot and tenuous plasm sheet where the density ratio can be

relatively high.

Nonlinear wave growth
The threshold and optimum wave amplitudes are written as*?

Qun _ 1007m3y*% (dszﬁru)z exp (1’271%>
Qeo a’a’;h()(ﬁj.o)s Q l7t2||

and

o o \2 >
Q =5/ 1QIVpVg U9 ~ 7 202
P — 0.8 J2——2EBIRopZ (1 R) exp(-LR)
QeO TW UtII Vg 2Ut||
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where the symbol “~” indicates normalized parameters (i.e., V, = Vp/c, V; =V /c, Vg = Vr/c,
@ = w/Qeo, @ph = Wpn/Qeo, Uio = Uyo/c, Utll =Uy/c, a= ac?/Q%y),

a is the coefficient of background magnetic field inhomogeneity at the generation region (magnetic
equator),

Q is the depth of an electron hole,

y is the Lorentz factor,

T is the ratio of the nonlinear trapping time to the nonlinear transition time,

§? = w(Qe — w)/w}e isadimensionless parameter,

x%2 = (1+&%)"! isadimensionless parameter,

w is the wave frequency;,

wpe 1S the plasma frequency for background cold electrons,

wpp IS the plasma frequency for energetic electrons,

Q. is the electron cyclotron frequency,

Vp is the phase velocity,

V is the group velocity,

Vg is the resonance velocity,

U,, isthe average perpendicular momentum of energetic electrons, and

Uy is the thermal momentum in the parallel direction. All parameters except for Q and t are
determined from the initial conditions in the PIC simulations. In Figure 3, the value of Q is

assumed to be 0.5 since this is a typical value.

Data availability
The spacecraft orbit data is available from SPICE data for BepiColombo

https://www.cosmos.esa.int/web/spice/spice-for-bepicolombo. The PWI data will be available from
the Center for Heliospheric Science https://chs.isee.nagoya-u.ac.jp/en/, or from the corresponding

author upon reasonable request.

Code availability
The PIC simulations are based on the literatures®® ** and the PIC code (KEMPOL1) is

available at http://space.rish.kyoto-u.ac.jp/software/.
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