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Abstract

The mechanisms involved in the transfer of solar wind energy and plasma
into any planetary magnetosphere is an important topic in space physics.
With the use of the Mercury spacecraft MESSENGER data, it has been
possible to study these processes in an environment different, yet similar, to
Earth’s.

This thesis aims to investigate direct or indirect mechanisms for the trans-
fer of matter and energy into Mercury’s magnetosphere, and magnetospheric
regions affected by and processes directly driven by these. The work includes
studying the Kelvin-Helmholtz instability (KHI) at Mercury’s magnetopause,
which is believed to be one of the main drivers for the transfer of matter and
energy into Earth’s magnetosphere, the low-latitude boundary layer (LLBL)
in direct connection to the magnetopause, isolated magnetic field structures
in the magnetosheath as possible analogues for the terrestrial magnetosheath
plasmoids and jets, and magnetospheric ultra-low frequency (ULF) waves
which may be driven by the KHI.

The studies use data from MESSENGER’s magnetometer and fast imag-
ing plasma spectrometer instruments during the first three years in orbit.
Results show that Kelvin-Helmholtz waves (KHWs) are observed frequently
and almost exclusively on the duskside magnetopause, something that has
not been observed at Earth. In contrast, the LLBL shows an opposite asym-
metry as it appears more often on the dawnside. The results suggest that the
KHI and LLBL could somehow be connected, possibly by the LLBL creating
the asymmetry observed for the KHWs. The KHI asymmetry could also be
linked to the finite Larmor radius effect, which becomes important at Mercury
due to the smaller scale size of the magnetosphere, indicating fundamental
differences between structures and processes of the Hermean and terrestrial
magnetic environment.

In the magnetosheath, both isolated decreases and increases of the mag-
netic field absolute value are observed. The similar properties of the solar
wind and magnetosheath negative magnetic field structures suggest that they
are analogues to diamagnetic plasmoids found in Earth’s magnetosheath and
solar wind. No clear analogues to paramagnetic plasmoids are found, which
indicates that the interaction between the solar wind and the Hermean quasi-
parallel bow shock is fundamentally different to that of Earth’s.

Distinct ULF wave signatures are detected in a third of the magneto-
spheric traversals in direct connection to the identified KHWs. The dayside
ULF waves (which follow the duskside KHW occurrence asymmetry) are gen-
erally perpendicularly right-hand polarized in the same frequency range as the
KHWs. Results show that the majority of these ULF waves are likely driven
by the KHWs. ULF waves are in general often observed in the same frequency
range with very similar characteristics as those ULF waves likely driven by
KHWs. Many of these ULF waves appear at the dawnside magnetosphere,
indicating that the KHI is more common here than previously predicted even
though it may still be suppressed on this side due to parameters in the mag-
netic environment. This furthermore motivates using ULF waves in the mHz
frequency range as a detection tool for Hermean KHWs.
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Sammanfattning

Hur solvindens plasma och energi transporteras in till en planets mag-
netosfär betraktas som ett av de viktigaste forskningsområdena inom rymd-
och plasmafysik. Med data från Merkurius inhämtat av rymdfarkosten MES-
SENGER har vi kunnat studera dessa processer i en miljö liknande Jordens.
Dessa data har resulterat i studier som aldrig tidigare kunnat genomföras,
vilka i sin tur lett till ny kunskap, inte bara för den utomjordiska rymdforsk-
ningen utan även för den allmänna rymdfysiken.

Denna avhandling har som syfte att undersöka direkta och indirekta me-
kanismer för mass- och energitransporten i Merkurius magnetosfär, magne-
tosfäriska regioner påverkade av och processer direkt drivna av dessa. Arbe-
tet inkluderar studier av Kelvin-Helmholtz-instabiliteten (KHI) vid Merku-
rius magnetopaus, en instabilitet som anses vara en av de viktigaste proces-
serna för transport av materia och energi in till Jordens magnetosfär, låg-
latitudsgränsskiktet (LLBL) som är i direkt anslutning till magnetopausen,
isolerade magnetfältstrukturer i magnetoskiktet och ultra-låga frekvensvågor
(ULF-vågor) i magnetosfären som kan drivas av KHI:n.

I studierna används data från MESSENGER:s magnetometer och plas-
maspektrometer under de första tre åren i omlopp. Resultat visar att Kelvin-
Helmholtz-vågor (KHWs) observeras nästan uteslutande på magnetopausens
kvällssida, något som inte har observerats på Jorden. LLBL visar i sin tur
en motsatt asymmetri då den uppkommer huvudsakligen på morgonsidan.
Resultaten indikerar att KHI och LLBL på något vis är sammankopplade.
KHI-asymmetrin kan också kopplas till den finita Larmor-radiuseffekten som
är viktig vid Merkurius på grund av magnetosfärens mindre storlek, vilket i
sin tur indikerar att strukturer och processer i Merkurius och Jordens mag-
netosfärer är fundamentalt olika.

Isolerade ökningar och minskningar i det absoluta magnetfältet observeras
i magnetoskiktet. Liknande egenskaper mellan de negativa magnetfältstruktu-
rerna i solvinden och magnetoskiktet tyder på att de motsvarar diamagnetiska
plasmoider funna kring Jorden. Ingen tydlig motsvarighet till paramagnetis-
ka plasmoider hittas, vilket indikerar att interaktionen mellan solvinden och
Merkurius eller Jordens kvasiparallella bogchock är fundamentalt olika.

Tydliga ULF-vågor detekteras under en tredjedel av magnetosfärskors-
ningarna i direkt anslutning till KHWs vid magnetopausen. Dessa ULF-vågor
observeras främst på kvällssidan (då de följer KHI-asymmetrin), är generellt
vinkelrätt polariserade i samma frekvensområde som KHWs, vilket indikerar
att majoriteten av dessa troligtvis genereras av KHWs. Vid en generell un-
dersökning är ULF-vågor i samma frekvensområde ofta förekommande med
liknande karakteristik som de ULF-vågor som troligtvis är drivna av KHI:n.
Flera av dessa ses vid morgonsidan, vilket indikerar att KHI:n är mer van-
ligt förekommande här än vad tidigare förutspåtts, men att den på denna sida
fortfarande är mer undertryckt än på den andra på grund av parametrar i den
magnetiska omgivningen. Resultaten motiverar användningen av ULF-vågor
i mHz-frekvensområdet som detektionsverktyg av KHWs på Merkurius.
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Chapter 1

Introduction

Beyond the planets in our universe, plasma is the most common state of matter. A
plasma consists of hot ionized gas with equal numbers of free positive and negative
charged particles. Our Sun constantly emits a stream of plasma that reaches the
entire solar system. This stream is referred to as the solar wind. As this stream
of plasma flows through our solar system, it reaches and interacts with the objects
within it. Some planets or other astronomical objects are encompassed by their
own or a neighboring magnetic field. This magnetic field partially blocks the solar
wind and prevents large amounts of it from reaching the atmosphere and surface
of these objects. Without this protecting magnetosphere, that among other things
prevents the solar wind from stripping away vital planetary atmospheres, Earth
would not likely be habitable. The magnetosphere is, however, never completely
impenetrable to the solar wind plasma. In fact, plasma is constantly transferred
through different processes, and particularly at times when the Sun is highly ac-
tive and releases enormous amounts of energy and plasma that reaches Earth at
high velocities, geomagnetic storms can be established. During these storms the
transferred plasma can give rise to spectacular auroras near the magnetic poles.
These geomagnetic storms can also affect Earth- and space based equipment, and
humans at Earth and in space negatively by induced currents and radiation. It is
therefore of great importance that processes that affect the magnetic environment
are studied thoroughly.

The aurora only occurs on planets that have an ionosphere, in which accelerated
electrons hit neutral gas particles and energy is released through light. The planet
Mercury lacks such an ionosphere and therefore has no auroras. It has, however,
an Earth-like magnetic field that prevents it from being completely bombarded by
solar wind particles. Yet plasma and energy is constantly transferred through this
protective mini Earth-like magnetosphere by different mechanisms. To study these
mechanisms thus gives us knowledge not only of the Mercury magnetic environ-
ment, but it also provides us with a new laboratory to investigate the dynamics
of terrestrial-like planets. The obvious differences, and similarities, between Earth

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Artist’s impression of MESSENGER in orbit around Mercury. Im-
age credit: http://messenger.jhuapl.edu/the_mission/artistimpression/
images/atmercury_lg.jpg

and Mercury therefore make Mercury a particularly interesting planet to study.
In the 1970’s, the NASA satellite Mariner 10 was the first spacecraft to pro-

vide in situ information from Mercury’s environment from three flybys. Nearly
four decades later, NASA’s MESSENGER (MErcury Surface, Space ENvironment,
GEochemistry, and Ranging) became the first satellite to enter into orbit around
Mercury. For four years it collected valuable data to increase our understanding
of terrestrial planets and their environments. These data have contributed to un-
precedented results advancing not only the extraterrestrial space plasma research,
but also the general space physics field.

This thesis concerns the magnetic environment of Mercury and processes therein.
The first paper covers the Kelvin-Helmholtz instability (KHI), which enables the
transfer of plasma and energy through magnetospheres at low latitudes. The sec-
ond paper presents a study of the magnetospheric boundary layer at low latitudes,
referred to as the low-latitude boundary layer, which is situated in direct contact to
the magnetopause where the KHI grows. The third paper covers isolated magnetic

http://messenger.jhuapl.edu/the_mission/artistimpression/images/atmercury_lg.jpg
http://messenger.jhuapl.edu/the_mission/artistimpression/images/atmercury_lg.jpg
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structures in the region just outside the magnetopause, which could drive processes
that transfer energy and plasma into the magnetosphere. Finally, the fourth and
fifth papers present studies of magnetospheric ultra-low frequency (ULF) waves in
the magnetosphere, where in the fourth study investigates magnetospheric cross-
ings during times when KH waves are observed at the magnetopause, and the fifth
paper extends the study to include all magnetospheric crossings in 2011.

As background to the papers, Chapter 2 presents some basic theory of space
plasma physics. Chapter 3 gives a general introduction of the planet Mercury.
In Chapter 4 the magnetospheric environment and different interaction processes
between the solar wind and the magnetosphere are described, including among other
things a description of the Mercury magnetospheric environment, the KHI, the low-
latitude boundary layer, magnetosheath jets and plasmoids, and magnetospheric
ULF waves. The instrumentation on MESSENGER is presented and explained in
Chapter 5. The scientific results and discussion of this thesis follow in Chapter 6
and Chapter 7, respectively. Finally, an outlook on possible future investigations is
given in Chapter 8.





Chapter 2

Basic space plasma physics

The plasma environment in our solar system consists to a large degree of charged
particles emanating from the Sun. As mentioned, this is referred to as the solar
wind. As this solar wind flows through space, it interacts with the planets. Both
the plasma environment surrounding the planets and its interaction with the solar
wind are studied in space plasma physics mainly through in situ measurements by
different spacecraft.

A first approach in describing a plasma is considering the single-particle motions.
A particle with charge q, moving with a velocity v in an electric field E and magnetic
field B, will experience the Lorentz force, F:

F = q(E + v×B) (2.1)

If the electric field is zero, the particles will gyrate around the magnetic field line
with a radius referred to as the Larmor radius or gyroradius:

rL = mv⊥
|q|B

(2.2)

where m is the mass of the particle and v⊥ is the velocity of the particle perpendic-
ular to the magnetic field. When an electric field is present, the gyrocenter of the
particle will drift in the direction perpendicular to both the electric and magnetic
field, with a velocity vdrift = E × B/B2. Furthermore, if the magnetic field is
non-uniform (i.e. containing a gradient), the particle will also drift in the following
sense:

v∇B = mv2
⊥

2qB
B×∇B
B2 (2.3)

This is referred to as the gradient drift. In addition, if the particle moves along
curved magnetic field lines, it will experience a centrifugal force perpendicular to

5



6 CHAPTER 2. BASIC SPACE PLASMA PHYSICS

the magnetic field, and will therefore also drift in another sense, referred to as the
curvature drift:

vR =
mv2
‖

qR2
c

Rc ×B
B2 (2.4)

where Rc is the radius of curvature pointing away from the center. In vacuum, and
when the electric field is time stationary and the curl of B is zero, the gradient and
curvature drifts can be combined to form the gradient-curvature drift:

vR,∇B = m

q

(
v2
‖ + v2

⊥
2

)
Rc ×B
R2

cB
2 (2.5)

Different types of particle drifts are displayed in Figure 2.1.
A plasma can also be investigated through its collective behavior. Considering

a quasi-neutral plasma consisting of ions and electrons with number density ns

(s = ion or electron) in thermal equilibrium, the density is given by the Maxwell-
Boltzmann distribution:

ns = n0 exp(−qsΦ(r)/T ) (2.6)

where n0 is the equilibrium density of the charged particles, qs = e,−e is the
elementary charge, Φ(r) is the electrostatic potential at distance r from the plasma
origin, and T is the temperature of the plasma. If a charged particle (with point
charge ρ = qδ(r)) is now introduced in the plasma origin, the equilibrium potential
is perturbed, and the potential produced by this external point charge becomes:

Φ(r) = q

4πε0r
exp(−

√
2r/λD) (2.7)

where ε is the permittivity of free space and λD is the Debye length:

λD =
√
ε0kBT/n0e2 (2.8)

where kB is the Boltzmann’s constant. Hence, beyond the Debye length from the
plasma origin, the electric field due to any charged particle is shielded out. For a
plasma with dimensions larger than the Debye length, the plasma is considered to
be quasi-neutral and ne ≈ ni ≈ n0.

When an external force disturbs the plasma, the electrons in the plasma will
respond so that quasi-neutrality is restored, and thus oscillate with the electron
plasma frequency:

ωpe =
√
nee2/meε0 (2.9)

where ne and me is the electron number density and mass, respectively.



7

Figure 2.1: Charged particle drifts in a homogeneous magnetic field, with (A) no
external force, (B) an electric field, (C) an external force, (D) an external inhomo-
geneous magnetic field. Adapted from Alfvén (1955).
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A further description is magnetohydrodynamics (MHD), where the plasma is
treated as a fluid. MHD describes the behavior of conducting fluids in electromag-
netic fields with Maxwell’s equations:

∇ ·E = ρe

ε0
(2.10)

∇ ·B = 0 (2.11)

∇×E = −∂B
∂t

(2.12)

∇×B = µ0

(
J + ε0

∂E
∂t

)
(2.13)

where ρe is the electric charge density, µ0 is the permeability of free space, and
J is the electric current density. When the ion gyroradius is small compared to
interesting length scales of the system, the plasma is highly collisional but the
resistivity from these collisions is negligibly small, one talks about ideal MHD,
which results in the idealized Ohm’s law:

E + v×B = 0 (2.14)

From equation (2.14) and Maxwell’s equations, the total time rate of change of the
magnetic flux, ΦB, passing through the surface S enclosed by the circuit C, can be
derived:

dΦB

dt
= − d

dt

∮
C

dl · (E + v×B) = 0 (2.15)

This implies that the magnetic flux remains constant in time for any surface moving
with the plasma. Hence, in ideal MHD magnetic field lines move with the plasma,
i.e., magnetic field lines can be described as ’frozen in’ to the fluid. Equation (2.14)
is therefore sometimes referred to as the frozen-in flux condition. In the solar wind,
the frozen-in condition is applicable, which means that the solar wind drags the
Sun’s own magnetic field with it on its journey through the solar system. This
magnetic field is referred to as the interplanetary magnetic field (IMF), although
most of the IMF originates from the heliospheric magnetic field.

When analyzing the interaction of the IMF with the planetary magnetic fields,
the two parameters Alfvén velocity, vA, and plasma β are often considered. The
Alfvén velocity is:

vA = B0√
µ0ρ

(2.16)

where B0 is the background magnetic field and ρ is the mass density. The plasma
β is the ratio of the plasma pressure to the magnetic pressure:

β = nkBT

B2/2µ0
(2.17)

When the Larmor radius is large enough compared to scale sizes of the system,
such as the magnetosphere of a planet, finite Larmor radius (FLR) effects become
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important. The FLR effects can be represented by non-ideal MHD terms, and may
influence processes and boundaries at the magnetosphere (e.g., Stasiewicz, 1993).
The FLR effects are particularly important at Mercury, where the gyroradius for
the abundant sodium ion is comparable to the size of the Hermean magnetosphere
(see Chapter 3 and 4.3).





Chapter 3

The planet Mercury

Mercury is the planet closest to the Sun and is therefore exposed to an extremely
harsh environment, with high temperatures and strong magnetic fields. It is the
smallest planet in our solar system, and is comparable in size to Earth’s moon. It
bears an additional resemblance to the moon through its desolate and rocky surface
features, see Figure 3.1. At the planet’s surface, the temperature ranges from -173
◦C up to 427 ◦C. The planet is locked into a 3/2 spin-orbit resonance and completes
a full orbit around the Sun in 88 days, while it rotates around its own axis in 59
days (Clark, 2007). Mercury has a dipole-like magnetic field, similar to Earth’s but
weaker, with an equatorial field strength of 300 nT, resulting in a magnetosphere
strong enough to deflect the solar wind. The magnetic field axis is nearly aligned
with the rotation axis, with a magnetic equator offset 0.2 RM to the north, where
RM ≈ 2440 km is the Mercury radius (Anderson et al., 2011a). Mercury’s magnetic
field was discovered by the spacecraft Mariner 10, but it was with MESSENGER’s
orbital data that the offset was first detected.

Figure 3.1: A sunlit view of the surface of Mercury acquired by the Wide Angle
Camera of the Mercury Dual Imaging System aboard MESSENGER. Image Credit:
NASA/Johns Hopkins University Applied Physics Laboratory/Carnegie Institution
of Washington.

11
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Figure 3.2: The Hermean magnetospheric environment and processes therein, from
Slavin et al. (2008)

Mercury’s proximity to the Sun (mean distance of ∼ 0.4 astronomical units)
in combination with its weak intrinsic magnetic field give rise to a Hermeocentric
magnetopause stand-off distance of 1.3-2.1 RM, and hence a relatively small and
dynamic magnetosphere. This yields a Dungey cycle, i.e. the general plasma circu-
lation in the magnetosphere (see Chapter 4.2), of ∼ 2 min at Mercury, significantly
shorter than the ∼ 1 h Dungey cycle at Earth, and a KH wave periodicity of seconds
rather than minutes as at Earth.

Unlike the other terrestrial planets, Mercury’s atmosphere is almost non-existing
except for a tenuous exosphere. This exosphere is not thick enough to form an
ionosphere. Hence, instead of the magnetosphere coupling with the ionosphere, the
magnetosphere interacts directly with Mercury’s resistive regolith.

At Earth, the gyroradius of the heavy ion Na+ is negligible compared to the
scale size of the magnetospheric environment. At Mercury, however, kinetic effects
such as the FLR effect, specifically from the abundant exospheric Na+, become im-
portant (see Chapter 4.3). These effects may influence various processes occurring
at the magnetopause, and cause an asymmetry between the dawn- and duskside
magnetosphere.

Table 3.1 summarizes the important properties and scale lengths at Mercury,
and how they compare to Earth.

In this thesis mainly two coordinate systems will be used: the Mercury Solar
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Table 3.1: Important properties and scale lengths at Mercury compared to Earth
(where RE is Earth’s radius and RM is Mercury’s radius).

Mercury Earth
Planetary radius 2439 km 6371 km
Mean distance to Sun 0.38 AU 1 AU
Magnetic dipole equatorial
field-strength

300 nT 30 000 nT

Magnetopause stand-off
distance

1.3-2.1 RM 6-15 RE

Dungey cycle ∼ 2 min ∼ 1 h
Sodium Larmor radius ∼ RM << RE
KH wave period ∼ 30 sec 2-5 min

Magnetospheric (MSM) coordinate system, and the magnetic local time (MLT)
and magnetic latitude (MLat) coordinate system. In the MSM coordinate system,
x̂ is directed towards the Sun, ẑ is perpendicular to the x̂ axis and in the plane
containing the x̂ axis and the magnetic dipole axis (positive towards north), and ŷ
completes the right-handed rule. In the latter coordinate system, MLT defines the
magnetic longitude, where 12h is directed towards the Sun, and MLat defines the
magnetic latitude, where 90◦ is directed towards the magnetic north.





Chapter 4

Solar wind-magnetosphere
interaction

All planets in our solar system are affected by the interplanetary magnetic field
(IMF), which is carried by the solar wind that flows through space. The intrinsic
magnetic field of some planets can act more or less as a shield to this high-speed
plasma. Most of the time, however, the planetary magnetic field interacts with the
IMF and thus allows a transfer of plasma and energy from the solar wind to the
planetary magnetosphere through different processes. In this chapter, the magne-
tosphere and its regions will be introduced and explained, and different direct and
indirect mechanisms for the transfer of plasma and energy into the magnetosphere
or the low-latitude boundary layer will be presented and described.

4.1 The magnetospheric environment

When the solar wind first encounters a planetary magnetic field, it is slowed down
to subsonic speeds and heated, and gives rise to a bow-shaped border called the
bow shock. Mercury’s bow shock is located at on average 1.96 RM from the planet
center (Winslow et al., 2013). Downstream of this shock is a region of hot and
dense plasma, referred to as the magnetosheath. The magnetosheath has an inner
boundary or a current sheet called the magnetopause, where the pressure of the
planetary magnetic field is balanced by the pressure in the magnetosheath. The
position and shape of this boundary is highly affected by the magnetic field and
pressure from the solar wind (e.g., Sibeck et al., 1991). Depending on the proper-
ties of the IMF, different phenomena can occur at the magnetopause that enable
the transfer of solar wind plasma into the magnetosphere. Two such important
processes are magnetic reconnection and the Kelvin-Helmholtz instability (KHI),
which will be presented and discussed in more detail in the following sections.

A region containing a mix of magnetospheric and magnetosheath plasma just
inside the magnetopause at low latitudes has been observed frequently at Earth

15
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(e.g., Hones et al., 1972; Eastman et al., 1976). This region is called the low-
latitude boundary layer (LLBL). The existing ideas of formation processes of the
Earth LLBL will be presented in Chapter 4.4.

The cusps are regions close to the planetary poles. Here the solar wind plasma
has direct access to the nearer regions of the planet (the upper atmosphere of Earth
and the crust of Mercury). At Mercury, cusp observations show distinct increase
in solar wind and planetary ion plasma flux and decrease in the absolute magnetic
field, spanning MLats ∼ 30◦ − 80◦ and MLTs 6− 14 (e.g., Raines et al., 2013).

The region downstream of the planet, referred to as the magnetotail, contains
the northern and southern lobes. The lobes are elongated bundles of magnetic
field lines with little plasma. Separating the two lobes near the equatorial plane
is the plasma sheet which contains a hot and dense plasma (e.g., Eastman et al.,
1985). The proton density in Mercury’s plasma sheet during quiet magnetospheric
condition is observed to be 1 − 12 cm−3, i.e. 5 − 10 times larger than the Earth
plasma sheet density (Baumjohann et al., 1989; Raines et al., 2011).

Figure 4.1 shows the different regions of the magnetospheric environment of
Mercury mentioned above.

Figure 4.1: Different regions of the magnetospheric environment of Mercury.
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Figure 4.2: Magnetic reconnection illustrated by three steps. a) Plasma flows with
velocity u inward, pressing magnetic field lines, B, with opposite direction towards
each other. b) Magnetic field lines are compressed further. A diffusion region,
where the plasma will be tied no longer to magnetic field lines, are marked with
a grey box. c) Reconnection has occurred, magnetic topology is rearranged and
plasma now flows outward from the region where the reconnection took place.

4.2 Magnetic reconnection

Magnetic reconnection is viewed as the most important mechanism for the trans-
fer of energy, plasma and momentum from the solar wind into the magnetosphere,
and is thus the main driver for magnetospheric convection. Magnetic reconnec-
tion is a complex process in which the frozen-in condition breaks down and the
magnetic topology drastically changes. In a simplified description magnetic recon-
nection occurs between two regions of anti-parallel magnetic fields (e.g., Fairfield
and Cahill, 1966; Arnoldy, 1971), as is illustrated in Figure 4.2. The dayside mag-
netopause is an example of a region where magnetic reconnection occurs. When
the IMF is southward, it is anti-parallel to the northward directed magnetospheric
field lines and can interconnect with them, and eventually transfer magnetosheath
plasma onto magnetospheric field lines. Through this process, the magnetic tension
converts into kinetic energy, accelerating the newly reconnected plasma up to the
Alfvén velocity in the rest frame of the diffusion region (e.g., Hayashi and Sato,
1978). The newly reconnected open field lines (one end of the field line is attached
to the planet and the other extends into interplanetary space) are dragged anti-
sunward, until they reconnect again in the tail and continue sunward and back to
the dayside, completing what is known as the Dungey cycle (seen for southward
IMF in Figure 4.3).
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Figure 4.3: The Dungey cycle during southward IMF in the magnetosphere (above)
and the ionosphere (below). The numbering corresponds to the motion of the
magnetic field lines. From Hughes (1995).

Depending on the direction of the IMF, reconnection occurs at different places
in the magnetosphere of Earth. As mentioned, reconnection occurs predominantly
at the dayside for southward IMF. For northward IMF reconnection takes place
mainly at high latitudes, poleward of the cusp in both hemispheres (see Figure
4.4).

The dimensionless rate of reconnection, αr, at the magnetopause is often ex-
pressed as the velocity with which the plasma enters the reconnection region nor-
malized by the Alfvén velocity (e.g., Petschek, 1964). However, it can also be
approximated by:

αr = BN/|B| (4.1)
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Figure 4.4: High-latitude reconnection poleward of cusp in the northern hemisphere.
Grey lines marks reconnected field lines.

where BN is the magnetic field component normal to the magnetopause and |B| is
the total magnetic field just inside the magnetopause (e.g., Sonnerup et al., 1981).
At Mercury, reconnection rates have so far been estimated to αr = 0.15±0.02 (e.g.,
Slavin et al., 2009; DiBraccio et al., 2013), which is significantly larger than the
reconnection rates of αr < 0.1 that have typically been observed and estimated at
Earth (e.g., Sonnerup and Ledley, 1979; Phan et al., 2001; Vaivads et al., 2004).

Magnetic reconnection is not only controlled by the magnetic shear between the
IMF and magnetospheric magnetic field lines, but also by the plasma β. Studies
have shown that when β < 2 and in particular when the magnetic field pressure
clearly dominates the plasma pressure, the likeliness of reconnection at Earth in-
creases (e.g., Paschmann et al., 1986). At Mercury, reconnection is shown to occur
for a large range of magnetic shears, where the low shear reconnection is proposed
to be controlled by a low magnetosheath plasma β and solar wind Alfvén Mach
number (DiBraccio et al., 2013).

4.3 The Kelvin-Helmholtz instability

Instabilities can arise at a boundary separating two plasma regions with different
velocities. The magnetopause is such a boundary, with the tailward moving mag-
netosheath plasma on one side and the stagnant or slowly drifting magnetospheric
plasma on the other side. A significant process at the magnetopause that requires
a velocity shear layer is the KHI. This instability is particularly important during
northward IMF when the instability is viewed also as one of the main processes for
the transfer of solar wind energy, momentum and plasma from the magnetosheath
into the magnetosphere (e.g., Hasegawa et al., 2004). So far, the KHI has been ob-
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served at Earth (e.g., Fairfield et al., 2000; Hasegawa et al., 2004, 2006; Fairfield et
al., 2007; Foullon et al., 2008), Saturn (e.g., Masters et al., 2009, 2010) and Mercury
(e.g., Slavin et al., 2008; Boardsen et al., 2010; Sundberg et al., 2010, 2012).

The KHI begins with a perturbation transverse to the velocity shear layer. If the
velocity shear between the two regions of plasma is large enough, the perturbation
will grow and eventually form rolled-up vortices. The development of the Kelvin-
Helmholtz (KH) wave is highly dependent on the magnetic field direction: the KH
wave is unaffected by a magnetic field pointing transverse to the shear, i.e. in the
direction of the perturbation, but gets stabilized due to the magnetic tension force
for a magnetic field in the parallel or anti-parallel direction of the shear flow. In
particular, the condition for suppression of the KH wave is (e.g., Chandrasekhar,
1961):

(V1 − V2)2 ≤ B2

2πµ
ρ1 + ρ2

ρ1ρ2
(4.2)

where V1,2 and ρ1,2 is the plasma speed and density on either side of the boundary,
respectively, and µ is the permeability. Hence, the KH wave will be stabilized if
the velocity difference between the two plasma regions does not exceed the root-
mean-square Alfvén speed. Particularly at the magnetopause at low latitudes, in
the absence of magnetic reconnection, the condition is often not fulfilled and KH
waves can easily form. Moreover, Miura and Pritchett (1982) showed that only
modes with ∆ · k < 2 are unstable (where k is the wavenumber of the KH mode
and ∆ is the width of the velocity shear layer), and that the fastest growing mode
occurred for ∆ · k ∼ 0.8.

The transfer and mixing of plasma in a KHI has been suggested to occur through
magnetic reconnection within the rolled-up KH vortices (e.g., Otto and Fairfield,
2000; Nykyri and Otto, 2001; Nakamura et al., 2008). A schematic view of the
transfer of plasma in a KH vortex through such a process can be seen in Figure
4.5a. Nakamura et al. (2008) furthermore showed with a two-dimensional two-fluid
simulation of an MHD-scale KHI that reconnection also occurs when the magnetic
field along the direction of propagation of the wave is anti-parallel across the velocity
shear layer, see Figure 4.5b. This was the type of reconnection observed in a dayside
KH event by MMS (Eriksson et al., 2016). These reconnection regions form already
in the linear phase of the KH wave evolution (Nakamura et al., 2013).

The KHI at the magnetopause of Earth has mainly been observed during north-
ward IMF and behind the dawn-dusk terminator, with no clear dawn-dusk asym-
metry (e.g., Fairfield et al., 2000; Hasegawa et al., 2004, 2006; Fairfield et al., 2007;
Foullon et al., 2008). At Mercury, however, there have been indications of such an
asymmetry through smaller event studies (e.g., Sundberg et al., 2012). This asym-
metry has been suggested to arise indirectly from the finite Larmor radius (FLR)
effect, as the Larmor radii for the sodium ions are comparable to the scale size of
the magnetosphere at Mercury (e.g., Glassmeier and Espley, 2006; Nakamura et
al., 2010).
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(a) (b)

Figure 4.5: Two types of reconnection and plasma transfer in a KH wave. (a)
Schematic of the evolution of an unstable KH wave at the magnetopause with
a rolled-up vortex. Plasma in the magnetosheath (MSH) gets transferred to the
magnetosphere (MSP) through reconnection. From Otto and Fairfield (2000). (b)
Reconnection at the trailing edge of a KH wave in an early phase. Adapted from
(Eriksson et al., 2016).

By using an FLR modified MHD approach, Glassmeier and Espley (2006) de-
rived a linear growth rate for KH waves dependent on the ion gyroradius, rg, and
ion gyrofrequency, ωg:

γ = k

2 ·
√

(V1 − V2)2 + 4ηk · (V1 − V2) (4.3)

where η = r2
gωg/4 is the kinematic viscosity. ∆V = V1 − V2 is defined in such a

way that it is positive at the duskside and negative at the dawnside magnetopause.
Hence, at the dusk side, both terms in equation (4.3) are positive, while on the dawn
side the second term is negative. Particularly at the dawn side when 4ηk > |V1−V2|,
the FLR effect may even fully stabilize the boundary.

In situ observations of Earth have shown that the thickness of the magnetopause
current layer is always a few times larger than the ion gyroradius (e.g., Berchem and
Russell, 1982). And as the fastest growing wavelength is related to the boundary
layer thickness as λ ∼ 2π ·∆ according to Miura and Pritchett (1982), the second
term in equation (4.3) becomes negligible. Glassmeier and Espley (2006) suggested
that the second term is large enough to affect the shear layer at Mercury and make
it easier for KH waves to grow and become unstable on the duskside as compared
to the dawnside magnetopause.

Nakamura et al. (2010) showed with fully kinetic simulations that the linear
growth rate does not depend on the initial shear layer thickness, but instead of a
broadened thickness that is established before the KH wave onset. The shear layer is
broadened to the ion gyrodiameter to reach kinetic equilibrium on both sides of the
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magnetosphere. However, as the convection electric field (CEF) points in towards
the magnetopause on the dusk side and out in the direction towards the bow shock
on the dawn side, the gyroradii for the ions crossing the shear layer gets extended on
the dawn side and reduced on the dusk side. Nakamura et al. (2010) argue that this
process eventually creates a dawn-dusk asymmetry in the shear layer, making the
duskside shear layer thinner with respect to the dawnside, although never thinner
than the ion gyroradius, which in turn makes it more difficult for KH waves to
develop on the dawnside than on the duskside magnetopause.

4.4 Formation of the low-latitude boundary layer

The low-latitude boundary layer (LLBL) has been studied extensively at Earth.
How the boundary layer is formed is, however, still an open issue. Several ideas of
possible formation mechanisms exist so far, and all are dependent on surrounding
conditions such as the direction of the IMF. Some authors have suggested that
magnetosheath plasma enters the LLBL through diffusion, with the KHI as one of
the proposed main drivers (e.g., Walker, 1981; Sckopke et al., 1981; Miura, 1987) or
by direct flow of plasma or ions gyrating across the magnetopause (e.g., Eastman
et al., 1976; Eastman and Hones, 1979; Slavin et al., 2008). Particles entering the
cusp via turbulent eddy convection and subsequently drifting towards low latitudes
is viewed as another plausible process for populating the LLBL (e.g., Haerendel
et al., 1978; Müller et al., 2012). Quite a few authors have suggested magnetic
reconnection as the main mechanism, occurring either sporadically at the dayside
magnetopause (e.g., Kan, 1988; Nishida, 1989), at the subsolar point during south-
ward IMF (e.g., Fuselier et al., 1999) or at high latitudes equatorward of the cusps
during northward IMF (e.g., Song and Russell, 1992; Le et al., 1996; Øieroset et al.,
2008). Formation by alternating high-latitude reconnection is displayed in Figure
4.6.

All of these processes could occur at Mercury as well. In particular, some of
these mechanisms should lead to asymmetries in the plasma composition of the
LLBL, which may be particularly relevant at Mercury. Ions being picked-up by
the solar wind will initially move or gyrate in opposite directions for northward
(dawnward) and southward IMF (duskward), and could thus create an asymmetry
in mass loading related to the direction of the IMF. Moreover, protons that have
entered the magnetosphere at the magnetopause through diffusion or have been
injected through the cusp or the flank will drift dawnward on closed field lines due
to the gradient-curvature drift, which should lead to an IMF independent occur-
rence asymmetry (e.g., Anderson et al., 2011b). Such a process should lead to an
asymmetry also at Earth, which has so far not been observed (e.g., Haerendel et
al., 1978; Eastman and Hones, 1979; Le et al., 1996; Phan and Paschmann, 1996).
Finally, if the KHI is the main process responsible for populating the Hermean
LLBL, the boundary layer should mainly appear where the KH unstable waves are
observed most frequently.
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Figure 4.6: Formation of the LLBL during northward IMF via alternate reconnec-
tion poleward of the cusp. Adapted from Le et al. (1996).

4.5 Magnetosheath jets and plasmoids

Small-scale transient enhancements in kinetic energy (increase either in velocity,
density or a combination of both) have often been observed in Earth’s magne-
tosheath (e.g., Archer et al., 2012; Plaschke et al., 2013). These structures have
been referred to as magnetosheath dynamic pressure enhancements, antisunward
high-speed jets, supermagnetosonic subsolar magnetosheath jets, transient flux en-
hancemens, high kinetic energy density plasma jets or super fast plasma streams.
Here they will be referred to as magnetosheath jets. Magnetosheath jets can locally
deform the magnetopause and affect the magnetosphere by for example driving sur-
face waves and/or compressional waves (e.g., Plaschke et al., 2013), or by directly
penetrating into the magnetosphere (e.g., Karlsson et al., 2012).

Magnetosheath jets are shown to exist preferentially for a quasi-parallel bow
shock (Archer and Horbury, 2013; Hietala and Plaschke, 2013). Several ideas for
generation mechanisms exist, such as solar wind discontinuities reaching and in-
teracting with the bow shock (Archer et al., 2012), acceleration from flux transfer
events (FTEs) (Archer and Horbury, 2013), enhanced magnetic forces by flux tube
in a low plasma β magnetosheath (Lavraud et al., 2007), and bow shock ripples
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interacting with the solar wind (e.g., Hietala et al., 2009; Hietala and Plaschke,
2013). For a quasi-parallel bow shock, the local curvature changes (ripples) of the
shock can drive fast bulk flows and fast deflected jets in the downstream region
that are compressed but not significantly decelerated (Hietala et al., 2009).

Figure 4.7: Example of a (a) magnetosheath diamagnetic plasmoid, and (b) mag-
netosheath paramagnetic plasmoid. C1 and C3 mark the data originating from
Cluster spacecraft 1 and 3, respectively. From top to bottom, the panels show the
electron density, total magnetic field, magnetic field components in geocentric so-
lar ecliptic (GSE) coordinates, the absolute value of the ion drift velocity, and the
perpendicular ion temperature. From Karlsson et al. (2015).

Local enhancements of the density in the magnetosheath, which could be con-
sidered as a subgroup of magnetosheath jets, have been referred to as plasmoids
(Karlsson et al., 2012). It has been proposed that such local enhancements can
enter the magnetosphere via impulsive penetration (e.g., Lemaire, 1977), induce
surface waves at the magnetopause, or change the local reconnection rate (e.g.,
Plaschke et al., 2016). These local density enhancement have been shown to be
always associated with a clear magnetic field change (Karlsson et al., 2012), and
have therefore been named plasmoids (Bostick, 1956). These plasmoids are refered
to as diamagnetic or paramagnetic when the absolute value of the local magnetic
field shows a decrease or an increase, respectively. Figure 4.7 shows example of a
diamagnetic and a paramagnetic plasmoid in the magnetosheath observed by the
Cluster spacecraft. Diamagnetic plasmoids have been identified with solar wind
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magnetic holes that have crossed the bow shock (Tsurutani et al., 2011), whereas
paramagnetic ones are likely to be created at the bow shock (Hietala and Plaschke,
2013).

4.6 Generation of magnetospheric ultra-low frequency
waves

Ultra-low frequency (ULF) waves are magnetic pulsations with frequencies rang-
ing between 1 mHz to 1 Hz at Earth (e.g., Hughes, 1994). They have also been
classified into Pc (continuous) or Pi (irregular) pulsations, where pulsation class 5
(Pc 5) ranges between 2− 7 mHz. ULF waves can be a means by which energy is
transported from one part of the magnetosphere to another (e.g. from the mag-
netopause to the inner magnetosphere), and are therefore studied to increase the
knowledge of energy and momentum transfer in planetary environments (Dungey
and Southwood, 1970; Pu and Kivelson, 1983).

Magnetospheric ULF waves were first detected at Mercury during a flyby by
Mariner 10 (Russell, 1989). And since the orbital insertion of MESENGER, mag-
netospheric ULF waves have been observed frequently in the Hermean environment
(e.g., Boardsen et al., 2009a,b, 2012).

A subject that has been given much focus is the ULF wave generation mech-
anism. One process that has been proposed to drive ULF waves in Earth’s mag-
netosphere, and in particular the terrestrial toroidal-mode Pc 5 (Samson et al.,
1971; Eriksson et al., 2006), is the KHI (e.g., Dungey and Southwood, 1970; Chen
and Hasegawa, 1974; Miura, 1987). Dungey (1954) first proposed that some of the
magnetic field ULF oscillations observed inside Earth’s magnetosphere could be
standing Alfvén waves on geomagnetic field lines, referred to as field line resonances
(FLRes). These pulsations can be excited either internally through resonance with
energetic particle populations (e.g., Southwood et al., 1969), or externally via for
example pressure variations in the solar wind (e.g., Sibeck et al., 1989) or through
the KHI (e.g., Dungey and Southwood, 1970).

To formulate a theory of how processes such as the KHI at the magnetopause
drive ULF waves in the magnetosphere, Southwood (1974) and Chen and Hasegawa
(1974) solved the hydromagnetic wave equations in a simplified geometry. They
proposed that at the magnetopause the KHI excites fast mode waves propagat-
ing evanescently towards the planet. At a point inside the magnetosphere, these
waves eventually couple with a field line with a matching eigenperiod. By this
coupling, the wave energy from the fast compressional mode is transferred to the
shear Alfvén mode at the resonant local field line and a FLRe is excited, seen as
a sharp localized increase in the wave amplitude. As the eigenfrequencies of each
field line vary with the field line length and plasma density, and thus also across the
magnetosphere, the KHI would then give rise to such resonances only in specific
limited regions (assuming a monochromatic driving process). This theory provided
an explanation of earlier ground-based observations of ULF waves in Earth’s day-
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Figure 4.8: Fast mode waves either right-hand (RH) and left-hand (LH) polarized
(depending on if they are in the morning- or eveningside) driven by KH waves at
the magnetopause. From Hughes (1994).

side magnetosphere showing: (1) a clear peak in amplitude at a certain (high)
latitude (Samson et al., 1971), (2) a polarization change both at the maximum
amplitude and near local noon (Samson et al., 1971), as displayed in Figure 4.8,
and (3) the resonant frequency increasing with decreasing latitude (Samson and
Rostoker, 1972). Samson et al. (1971) emphasized that the dayside and nightside
observations are likely driven by different sources, where the latter could arise due
to instabilities within the magnetosphere. Southwood (1974) proposed that the
observations of ULF waves at high latitudes on the dayside are a direct result of
KH waves generated at the magnetopause boundary.

Another process suggested to drive magnetospheric ULF waves is the cavity
mode (e.g., Kivelson et al., 1984; Sibeck et al., 1989). According to this theory,
the magnetosphere can work as a cavity with its own natural (cavity) eigenperiods.
Compressional azimuthally propagating wave modes are proposed to be set up in
this cavity (Samson et al., 1992), which in turn are driven by density fluctuations
or impulses from the solar wind as it impacts on the magnetosphere. These cavity
modes could also couple to FLRes at the matching eigenfrequency and thus excite
shear Alfvén waves in the magnetosphere.
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The MESSENGER spacecraft

The NASA spacecraft MESSENGER was launched on August 3, 2004. Three flybys
occurred in 2008 and 2009, before the spacecraft was inserted into orbit around
Mercury on March 18, 2011. After a little more than 4 years in orbit, MESSENGER
finally collided with the surface of the planet on April 30, 2015.

In the primary phase MESSENGER had an orbit period of nearly 12 hours. A
few weeks after the extended mission began on March 18, 2012, MESSENGER’s
orbit period was lowered to 8 hours. In both the primary and extended missions
the spacecraft was in a highly eccentric orbit. MESSENGER’s orbit around the

Figure 5.1: Launch of the Boeing Delta II rocket with its payload MESSENGER at
Cape Canaveral, August 3, 2004. Image Credit: NASA/Johns Hopkins University
Applied Physics Laboratory/Carnegie Institution of Washington.
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Figure 5.2: Nine orbits of MESSENGER around Mercury during approximately
one Mercury year (∼ 88 days) in the primary mission phase. The inner and outer
dashed lines are the approximated Shue et al. (1997) model magnetopause and bow
shock, respectively.

planet in the primary mission phase during approximately one Mercury year can
be seen in Figure 5.2.

MESSENGER carried eight instruments for the collection of information about
the planetary surface and its surrounding environment. In this thesis, data from
the magnetometer (MAG) and the fast imaging plasma spectrometer (FIPS) in-
struments during the first 2.5 years of MESSENGER’s orbital phase have been
used.

5.1 MAG

MAG was a triaxial fluxgate magnetometer with a sensor mounted at the end of a
3.6 m long deployable boom. The instrument was designed to measure the expected
low fields at Mercury by providing a range covering ±1530 nT for each of the three
orthogonal axes. It measured the magnetic field with an accuracy and resolution
of 0.047 nT at 20 samples per second. The instrument is discussed in more detail
in Anderson et al. (2007).

5.2 FIPS

The FIPS instrument was part of the energetic particle and plasma spectrometer
(EPPS), designed to measure characteristics of the charged particles in the Hermean
environment. It was situated at a position on the spacecraft where it could maximize
the collection of heavy ions from the surface and the surrounding environment.

The instrument was a time-of-flight (TOF) mass spectrometer that measured
mass per charge (m/q) with a resolution of 1 to 60 amu e−1 and energy per charge
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Figure 5.3: MESSENGER seen from a top-down view. The non-obstructed 150◦
field of view (FOV) is marked with red dashed lines. XMSGR and YMSGR are the
MESSENGER spacecraft axes. Adapted from Raines et al. (2011)

(E/q) from 0.1(0.05) to 13 keV/e of incident ions, with a scan time of approximately
8 s (1 min) inside (outside) the nominal magnetosphere.

The conical instantaneous field of view (FOV) of FIPS was 1.4π steradians with
an angular resolution of approximately 15◦. However, due to obstruction by one of
the solar panels and by the sunshade that pointed towards the Sun at all times to
protect the instruments onboard from overheating, the FOV was reduced to 1.15π
steradians. MESSENGER and the entrance aperture view angle of FIPS can be
seen in Figure 5.3.

For a more detailed description of the limitations of the FOV of FIPS, including
its impact on measured parameters, see Raines et al. (2011). Further information
on the FIPS instrument is given in Andrews et al. (2007).
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Results

Results from the five studies are summarized below.

Paper 1: Statistical investigation of Kelvin-Helmholtz waves
at the magnetopause of Mercury

With the use of the magnetic field data from MESSENGER’s MAG instrument
collected from the first three years in orbit, the KHI at Mercury was investigated.
The study resulted in the identification of 146 KH events, where 90% were charac-
terized as nonlinear (with signatures of rolled-up vortices) and the remaining 10%
as linear.

One important result is the identification of a clear dawn-dusk occurrence asym-
metry, with 95% of the KH waves detected at the duskside magnetopause (see left
panel in Figure 6.1). Such an asymmetry has never been reported at Earth. Fur-
thermore, the majority of the KH waves were observed on the sunward side of the
dawn-dusk terminator, in contrast to Earth were most of the KH waves have been
observed on the magnetospheric flanks. This indicates that the Hermean linear
growth rates are sufficiently high to enable the KH waves to reach the nonlinear
phase already at the dayside magnetopause.

Another distinct result is that 89% of the events were observed for a positive
magnetosheath Bz component, i.e., during northward IMF, in clear agreement with
observations of the KHI at Earth. The mean periodicity of the nonlinear waves
is 30 s, while for the linear waves the slightly shorter 26 s. This is an order of
magnitude smaller than the KH wave periodicity of 2−5 min observed at the Earth
magnetopause (e.g., Kivelson and Chen, 1995; Fairfield et al., 2000), something that
could be a result of Mercury’s proximity to the Sun and its smaller magnetosphere.
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Figure 6.1: Location in MSM coordinates of nonlinear (blue) and linear (red) KH
waves in Mercury’s magnetic environment. Inner and out dashed lines mark the
Shue et al. (1997) model magnetopause and bow shock, respectively. From paper
1.

Paper 2: MESSENGER observations of the dayside
low-latitude boundary layer in Mercury’s magnetosphere

The Hermean dayside LLBL was investigated with the use of both magnetic field
and plasma data from the MAG and FIPS instruments from year 2011. The inves-
tigation resulted in the identification of 25 LLBL magnetopause crossings. Results
for these were compared to a control group referred to as the non-LLBL group, with
nearly no plasma inside a clearly distinguishable and sharp magnetopause crossing.

The majority of the LLBLs were observed in the dawnside magnetosphere and
for northward IMF, i.e. an occurrence asymmetry opposite to that seen for the KH
waves at Mercury. This distinct MLT asymmetry is shown in Figure 6.2.

By projecting the path of MESSENGER across the LLBL onto the Shue et
al. (1997) magnetopause normal direction, the average LLBL thickness could be
estimated to 450 ± 56 km. The thickness was observed to increase with distance
from noon. No correlation between the average proton number density and the
thickness could be observed, suggesting that the boundary layer is continuously fed
by particles along the whole dayside.

Sodium ions were sporadically identified in 14 LLBLs with a significant number
density as compared to the proton number density. The average gyroradius for
these sodium ions was estimated to 220± 34 km, i.e. the same order of magnitude
as the LLBL thickness.

Magnetic shear, plasma β and reconnection rates were estimated and compared
to those of the control group. The results indicate that reconnection is significantly
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Figure 6.2: The MLT distribution of LLBLs (blue), nonlinear KH waves (red), and
the non-LLBL group (black). The dashed line marks the subsolar point. From
paper 2.

slower, or sometimes even suppressed for the LLBL group as compared to the non-
LLBL group.

Paper 3: Isolated magnetic field structures in Mercury’s
magnetosheath as possible analogues for terrestrial
magnetosheath plasmoids and jets

With MESSENGER MAG data, the Mercury magnetosheath and near solar wind
were investigated to identify isolated magnetic field structures (i.e. clear isolated
changes in the magnitude of the magnetic field). These structures were investigated
to determine whether or not they could be considered as analogues to the terrestrial
plasmoids and magnetosheath jets. In the magnetosheath, both isolated decreases
and increases in the total magnetic field (referred to as negative structures and
positive structures, respectively) were identified. In the solar wind, only negative
structures were observed, see Figure 6.3.

The similar properties of the Hermean negative structures in the magnetosheath
and solar wind, and the terrestrial diamagnetic plasmoids in the magnetosheath and
solar wind, suggest that the they are analogues to each other, and originating from
solar wind magnetic holes (Tsurutani et al., 2011).

The positive structures were found only close to the magnetopause in the magne-
tosheath. Due to their proximity to the magnetopause, their scale sizes and bipolar
magnetic field signatures, it is likely that these are FTEs instead of analogues to
terrestrial paramagnetic plasmoids. This result is consistent with the scenario that
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Figure 6.3: Position of different types of isolated magnetic field structures. From
paper 3.

the paramagnetic plasmoids (increase in both plasma density and total magnetic
field) are associated with magnetic field and plasma density structures known as
SLAMS (short, large-amplitude magnetic structures) at Earth’s bow shock (e.g.,
Schwartz and Burgess, 1991). Results indicate that instead of SLAMS forming at
Mercury, a large section of the bow shock oscillates quasi-periodically (Sundberg et
al., 2013).

Paper 4: Observations of magnetospheric ULF waves in
connection with the Kelvin-Helmholtz instability at Mercury

Magnetospheric traversals of MESSENGER just prior to or after observing nonlin-
ear KH waves (identified in paper 2) were investigated using MAG data. Clearly
visible signatures of ULF waves were detected in 44 out of 131 magnetospheric
traversals. 39 out of the 44 ULF waves were highly coherent at the frequency
of maximum power spectral density, and occurred significantly more often on the
dayside than on the night- or morningside.

The dayside ULF waves naturally followed the KH wave occurrence asymmetry
and appeared mainly at the duskside magnetosphere. These dayside ULF wave
signatures were furthermore polarized mainly in the perpendicular (azimuthal) di-
rection to the mean magnetic field, propagated more in the parallel than the perpen-
dicular direction to the mean magnetic field, and had an ellipticity that increased
away from noon with a right-hand polarization, and frequencies in the narrow range
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Figure 6.4: The frequencies of the ULF and nonlinear KH waves with error bars.
The red line display the least squares fit of the data, with a slope of 0.81 and a
coefficient of determination of 0.42. The dashed line shows a 1:1 correlation for
reference. From paper 4.

0.02− 0.04 Hz (see Figure 6.4), which was well below the local sodium ion gyrofre-
quency and in the same range as the KH wave frequencies. These results strongly
suggest that the majority of the dayside ULF waves are driven by the KHI at
the magnetopause. Furthermore, these ULF waves seemed to occur in the vicinity
of FLRes. Hence, KH waves at the magnetopause likely drive ULF waves in the
magnetosphere, and can at times set up FLRes, which manifests the importance
of the KHI in terms of energy and momentum transport throughout Mercury’s
magnetosphere.

Paper 5: Investigation of ∼ mHz ULF waves in Mercury’s
dayside magnetosphere and their driving mechanisms

Hermean magnetospheric traversals by MESSENGER during year 2011 were inves-
tigated to identify ULF wave activity with the same criteria as in paper 4. ULF
waves in the ∼ mHz frequency range, mainly 0.02 − 0.04 Hz, were observed fre-
quently both in the dusk- and dawnside magnetosphere. The majority of these
waves had similar characteristics as the likely KHI driven ULF waves reported in
paper 4, i.e. clear transverse (azimuthal) polarization, at the dusk side right-hand
polarization with steady increasing ellipticity with MLT, and a wave normal angle
more in the parallel than the perpendicular direction with regard to the background
magnetic field. Furthermore, the dawnside ULF waves were almost exclusively left-
hand polarized, as predicted by Samson et al. (1971) and Southwood (1974) for
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KHI driven ULF waves. Results indicate that these shear Alfvénic type of waves
are driven by the same process as the likely KHI driven ULF waves reported in
paper 4. This also argues for KH waves being more common at the dawnside mag-
netosphere than previously predicted. Even though KH waves might be suppressed
at the dawnside magnetopause (in particular at the flank) due to certain external
conditions such as the LLBL forming mainly on that side which may broaden the
velocity shear layer and inhibiting wave growth, they may still be strong enough
on a stretch of the magnetopause to be able to drive ULF waves propagating into
the inner magnetosphere.

A subset of the ULF waves (with a perpendicular to total power spectral density
< 0.7) showed different characteristics than the rest, particularly in azimuthal to
radial power spectral density and wave normal angle. These compressional waves
might be directly driven by the KHI (before they enter into a region of a FLRe
where they couple with the shear mode), or by cavity modes produced by pressure
fluctuations in the solar wind (Samson et al., 1992).



Chapter 7

Discussion and conclusions

Due to the distinct dawn-dusk asymmetry observed for KH waves in paper 1 (an
obvious difference as compared to Earth), it was natural to continue on the subject
by studying the boundary layer at low latitudes (latitudes where most of the KH
waves were observed) to see if the two were somehow connected. A clear opposite
dawn-dusk asymmetry between the KH waves and LLBLs could be determined,
suggesting the two may be interconnected. The KHI was observed to be frequently
established at the magnetopause, and should thus play an important part in the
energy and plasma transfer in the Hermean environment. To investigate this further
and continue on the KHI subject, the two ULF wave studies were conducted, see
paper 4 and 5. Finally, to learn more about the Mercury dynamic environment and
how it differs from the terrestrial, the magnetosheath and solar wind region close
to the bow shock were investigated to identify and analyze isolated magnetic field
structures that could possibly be analogues to plasmoids and magnetosheath jets
observed in the Earth environment. All of these subjects will be discussed below.

Before MESSENGER could perform continuous measurements at the Hermean
magnetopause in year 2011, different predictions were made regarding the impact
of heavy ions on the Mercury velocity shear layer where the KHI arises. Some sug-
gested that the dawn side should show more KH wave activity (e.g., Nagano, 1979),
while others predicted the opposite (e.g., Glassmeier and Espley, 2006). With or-
bital observations, the dawn-dusk asymmetry has now been determined, with KH
waves being observed more frequently at the dusk side. However, whether or not
the asymmetry is directly related to the FLR effect, as described previously either
through the FLR modified MHD approach or through fully kinetic simulations, or
if it is related to some other mechanism, is yet to be established. Observations by
Gershman et al. (2015) showed that when the IMF was northward, and the sodium
ion concentration was high (i.e. > 1 cm−3), magnetic field fluctuations associated
with the KHI were often observed. Furthermore, local hybrid simulations by Gin-
gell et al. (2015) show a clear asymmetric growth of the KHI between the dusk and
dawn flanks of the magnetopause, where the growth of vortices is suppressed at the

37



38 CHAPTER 7. DISCUSSION AND CONCLUSIONS

dawnside boundaries. The sodium ions being responsible for the clear dawn-dusk
asymmetry is clearly one of the more plausible and well-discussed ideas, however, it
does not directly imply that the LLBL plays a minor role in this issue. In contrast,
the opposite dawn-dusk asymmetry for the KH waves and the LLBL, and the fact
that they both occur mainly during northward IMF, indicate that they are somehow
related to each other. The KHI should however not be considered as a likely LLBL
formation process due to the observed occurrence asymmetry. As discussed above,
several proposed explanations for the KH wave dawn-dusk occurrence asymmetry
are directly related to the presence of sodium ions in the Hermean magnetosphere.
This could also mean that the sodium ions have a significant impact on the for-
mation of the LLBL. One explanation could be that the sodium ions broaden the
boundary layer on the dawn side, as discussed by Nakamura et al. (2010), suppress-
ing KH wave growth at that side, and at the same time making the LLBL more
easily distinguishable there as the boundary layer gets wider. Another idea is that
the LLBL in itself induces the dawn-dusk asymmetry in KH waves by being present
mainly at the dawn side and thus inhibiting the growth of waves there. Suggestions
of formation mechanisms of the LLBL that could give rise to such an asymmetry
have been introduced previously. Protons entering through the cusp or the dawn
flank drift dawnward due to the gradient-curvature drift, independent of the IMF
direction, and should thus give rise to the same dawn-dusk asymmetry shown to
exist by observations. Furthermore, heavy ions being either picked-up by the solar
wind or ions gyrating across the magnetopause from the magnetosheath could for
northward IMF induce the same dawn-dusk asymmetry. Whether or not the LLBL
is directly responsible for the KH wave occurrence asymmetry, if the sodium ions
play an important role for the asymmetry in both the LLBL and KH wave occur-
rence, or if another mechanism is responsible, is yet to be established. That both
the KHI and the LLBL are observed frequently in the Hermean environment once
again signals the similarities between Mercury and Earth. The clear asymmetries
in both, however, indicate that the two magnetic environments are also very differ-
ent, and perhaps even more motivate why Mercury is such and important planet
to study.

Another way to explore the differences and similarities between the Hermean and
terrestrial environments was by investigating the isolated magnetic field structures
mainly in the magnetosheath. The results of the negative magnetosheath structures
showed once again how Mercury and Earth are similar. However, the fact that
the positive magnetosheath structures were likely connected to FTEs rather than
paramagnetic plasmoids, instead highlighted a distinct difference between the two
planets. As suggested by Sundberg et al. (2013), the consequence of nonlinear
growth of ULF waves in the foreshock is, rather than the formation of SLAMS, a
large-scale cyclic reformation of the quasi-parallel bow shock. This indicates that
paramagnetic plasmoids are connected to SLAMS, and that SLAMS are able to
form at Earth but not at Mercury. The interpretation of the observational results
from paper 3 is illustrated in Figure 7.1.

To continue on to the KHI subject, a reasonable next step was to investigate
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Figure 7.1: Interpretation of observational results of isolated magnetic field struc-
tures in the Mercury environment. Adapted from paper 3.

the indirect impact of the KHI on the magnetospheric environment. As ULF waves
have been proposed to be formed in the terrestrial magnetosphere by the KHI
at the magnetopause (e.g., Dungey and Southwood, 1970), the magnetospheric
environment close in time to the KHI was investigated to possibly identify such ULF
wave signatures. Distinct ULF wave signatures in the ∼mHz range could indeed be
observed frequently. Moreover, several observational results (including frequencies
in the same range as the KH waves) indicated that the majority of the dayside ULF
wave signatures were driven by the KHI at the magnetopause. To further investigate
how often ULF waves could be observed in the Hermean magnetosphere in general,
and specifically in the same ∼mHz frequency range as mentioned above, would not
only give general information on Hermean ULF waves but also on how often KH
waves get established at the magnetopause and actually drive ULF waves in the
magnetosphere. Hence, all magnetospheric crossings during 2011 were investigated
for ULF wave activity. That the majority of the identified ULF waves in the ∼mHz
range had the same characteristics as the likely KH driven ULF waves from paper 4,
and that as much as nearly 50% of the nonlinear KH waves at the dayside could be
connected to distinct ULF wave signatures in the magnetosphere, emphasizes that
the KHI frequently transport energy from the magnetopause to the magnetosphere
and is thus important in the whole mass and energy cycle of Mercury. This could
be true also for Earth. However, this kind of study is more difficult to conduct at
Earth as two spacecraft in a certain configuration (instead of one as for Mercury)
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are needed due to the larger scale-sizes of the system. With the rather recent MMS
spacecraft (orbiting close to the equatorial plane) data and the Cluster spacecraft
(with a polar orbit) data, such a study could be conducted. Main observational
results regarding the KHI, LLBL and ULF waves are displayed in Figure 7.2.

Figure 7.2: Summary of main observational results from paper 1, 2, 4 and 5. During
northward IMF (N IMF) the majority of KH waves are observed at the duskside
magnetopause. These in turn generate ULF waves in the duskside magnetosphere.
During the same external conditions, the LLBL is observed mainly at the dawn
side. Arrows indicate the solar wind flow.

To summarize, our investigations show that the magnetic environment of Earth
and Mercury are similar to some extent, but different to another. Hermean KH
waves appear frequently at the magnetopause during similar external conditions as
at Earth, however, unlike at Earth they occur more often on the dayside (indicating
a larger growth rate) and more frequently at the duskside magnetopause. The latter
could possibly be due to FLR effects that are more prominent at Mercury than at
Earth due to the different scale-sizes of the magnetosphere. However, it could
also be connected to the LLBL, which is also asymmetric. Such an asymmetry
has not been established at Earth. The smaller scale-size of Mercury as compared
to Earth could furthermore indirectly be the reason for the lack of analogues to
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paramagnetic plasmoids in Mercury’s magnetosheath. However, the observation
of negative structures in the Mercury magnetosheath indicates once again that
the magnetic environments of the two planets are similar. Finally, that Hermean
KH waves appear frequently at the magnetopause, and that they often drive ULF
waves in the magnetosphere, emphasize the importance of the KHI for the mass
and energy transport in Mercury’s environment. Perhaps this also means that the
KHI is more important than previously thought for the magnetospheric dynamics
at Earth.





Chapter 8

Outlook

Mercury provides a new environment - a mini-Earth - to study the structures and
dynamics of a magnetosphere on a very different scale-size than Earth. This has
led, and will continue to lead to new knowledge and an increased understanding of
not only Mercury, but also of other magnetic planets and their environments.

With MESSENGER data, this enabled the ULF-KH wave study, despite using
only one spacecraft. Such a study would be much more difficult to conduct in the
larger magnetosphere of Earth as it would require at least two spacecraft located at
the right positions during the right time interval. However, since the launch of the
NASA Magnetospheric Multiscale Mission (MMS) spacecraft on March 12, 2015,
new opportunities have arisen for this type of study at Earth. The MMS consists of
four spacecraft orbiting equatorially, and frequently crossing the magnetopause in
the first phase at the dayside, and in the second phase further back at or away from
the dusk-dawn terminator, see Figure 8.1. Cluster, on the other hand, has a polar
orbit and is still functioning and returning valuable data after over 16 years in orbit.
These two missions could be used in conjunction to study the ULF wave signatures
generated by the Earth KHI, requiring that at the time when the MMS satellites
are situated at the magnetopause and observe KH wave signatures, the Cluster
satellites need to be probing the dayside magnetosphere at an appropriate distance
to the MMS satellites. The results from paper 4, which revealed that ULF wave
signatures are observed in connection with ∼ 50% of the observed dayside KH waves
at Mercury, makes such a study promising provided that the right MMS-Cluster
constellation will appear. If, however, no such events would be observed, another
way to approach this subject would be to analyze only dayside magnetospheric
crossings by Cluster and identify ULF wave signatures at frequencies matching the
KH wave frequencies, as it was apparent in paper 4 that the Hermean ULF waves
were in the same frequency range as the KH waves.

With the upcoming BepiColombo mission, set to be launched in 2018 and thus
arriving at Mercury in late 2024, new instrumentation will give us an opportunity
to study the KH waves and related subjects in more detail. As an example, Bepi-
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Figure 8.1: MMS orbit in phase 1 and 2 in Geocentric Solar Ecliptic coordinates.
Image credit: NASA, Southwest Research Institute.

Colombo will be able to measure the velocity of the solar wind, enabling us to
determine if KH waves are more sensible to differences in the solar wind at Mer-
cury than at Earth. Its data can hopefully also be used to determine the regions
of resonance in the magnetosphere to increase our knowledge of FLRes indirectly
generated by the KHI. Naturally, the new data from BepiColombo will provide
unprecedented opportunities to investigate the plasma and structures of the KH
vortices, the velocity shear layer, the magnetosphere and the dynamic environment
of Mercury in general.

Mercury is still one of the most unexplored planets in our solar system. It likely
harbors many more interesting secrets that will be unveiled continuously the more
we study the already existing, but also upcoming, data from its environment.
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