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INTRODUCTION

Space is not empty, in fact, it is filled with a state of matter called
plasma. Plasma is sometimes referred to as the fourth state of matter
and consists of charged particles, positively charged ions and negatively
charged electrons. In a plasma, the motion of these charged particles
is dominated by the collective behavior due to electromagnetic forces
rather than the movement of individual particles.

While on Earth most matter is either solid, liquid, or in gas form,
plasma is in fact the most abundant state of the observable matter in
our Universe. Stars, like the Sun, are made of plasma and the space in
between galaxies and stars is also filled with plasma. Thus, plasma pro-
cesses control the behavior of most observable matter in the Universe,
making their understanding essential for describing astrophysical and
space environments. Although we can create plasmas in laboratories, it
is difficult to confine the plasma and reproduces the time and spatial
scales found in space. As a result, space’ is a unique natural labor-
atory for studying plasma processes under conditions that cannot be
replicated on Earth. Specifically, we can send up spacecraft that carry
scientific instruments to probe plasma processes in our solar system. By
learning about the plasma processes in our solar system, we also gain
better understanding on plasma processes work outside of the solar
system since plasma processes are universal.

In our solar system, the Sun is a major plasma source, by emitting
the solar wind. The solar wind consists mostly of protons and electrons
and fills our entire solar system. The solar wind also carries the Sun’s
magnetic field with it which makes up the Interplanetary Magnetic Field.
In addition to the solar wind, solar radiation ionizes the upper layers
of planetary atmospheres, creating regions of plasma such as Earth’s
ionosphere.

As the solar wind expands outward in the solar system, planets act as
an obstacle to the solar wind. In the case of Earth, the primary obstacle
is not the atmosphere itself but the Earth’s intrinsic magnetic field. This
magnetic field forms a protective cavity known as the magnetosphere. Be-
cause the solar wind typically flows faster than information can propag-
ate through it (it is supermagnetosonic), it cannot adjust smoothly to
the presence of this obstacle. Instead, a shock wave forms upstream of
Earth, known as the bow shock. At this boundary, the solar wind plasma
is abruptly decelerated, compressed, and heated.

Downstream of the bow shock lies the magnetosheath, a region filled
with shocked solar wind plasma. This region is characterized by strong

1 Plasma can be found from about 80 km altitude.
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fluctuations in plasma properties and is the primary focus of this thesis.
As the plasma flows through the magnetosheath, it is deflected around
the magnetosphere. The outer boundary of the magnetosphere is called
the magnetopause, which separates Earth’s magnetic environment from
the surrounding solar wind plasma. This boundary plays a crucial role
in regulating the transfer of energy and momentum into the magneto-
sphere.

Why is this important? Although the magnetosphere acts as a pro-
tective cavity, it is not impenetrable. Energy and particles from the solar
wind can still enter and drive the near-Earth environment, for example,
northern lights are created by this interaction®. The extent of this inter-
action depends on the properties of the solar wind, which are highly
variable. Changes in solar wind speed, density, and magnetic field can
significantly alter how much energy is transferred into the magneto-
sphere over time.

The solar wind properties and their effects on the planetary envir-
onment are a part of what is known as space weather. Space weather
effects include auroral display but under more extreme conditions also
disturbances in radio communication, and induced currents in electric
power lines. While certain, extreme solar wind properties are the most
prominent drives of space weather, smaller-scale and more localized
structures can also play an important role.

One such structure is magnetosheath jets. These are transient, localized
enhancements in plasma flow and/or the plasma density such that the
pressure is locally enhanced. Jets are found in the magnetosheath and
mostly form close to the bow shock. Some jets propagate through the
magnetosheath and reach the magnetopause, where they can locally
compress or disturb this boundary. Such interactions may have con-
sequences for how energy is transferred into the magnetosphere.

Most observations of magnetosheath jets come from Earth’s environ-
ment, primarily because it is closest and therefore easiest to probe with
instruments onboard spacecraft. Numerous spacecraft missions provide
measurements with good spatial and temporal coverage. However, sim-
ilar plasma processes occur at other planets as well. Extending our un-
derstanding beyond Earth is therefore essential for developing a more
universal description of solar wind—planet interactions. Although, we
will give a general overview of magnetosheath jets, this thesis particu-
larly focuses on the following questions:

¢ How do magnetosheath jets propagate through the magnetosheath
and interact with the ambient plasma?

* How do jets interact with the magnetopause and what are the
subsequent effects on the magnetosphere?

* How do jets behave in other plasma environments?

2 Although, it is not the solar wind particles that directly cause northern lights, but a chain of
processes lead to auroral display.
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We study these questions by combining data from instrument onboard
spacecraft with numerical simulations.

This thesis is organized to progressively build the necessary back-
ground and address these questions. Chapter 2 introduces the funda-
mental concepts of plasma physics, followed by a description of solar
wind—planet interactions in Chapter 3. The current understanding of
magnetosheath jets is then summarized in Chapter 4. Chapter 5 and
Chapter 6 describe the observational and numerical methods used in
this work. The main results of each paper included in this thesis are
presented in Chapter 7, and finally, Chapter 8 provides a summary and
outlook for future research.






BASIC SPACE PLASMA PHYSICS

In this section, we define what a plasma is and introduce the mathemat-
ical tools used to describe it throughout this thesis. The presentation is
based on the textbook by Baumjohann et al. (2012), which also provides
a broader and more general overview.

2.1 WHAT IS A PLASMA?

As space is filled with plasma, we start with defining what a plasma’
is and how to describe it mathematically to predict and understand
its behavior. A plasma is the fourth state of matter in which charged
particles move freely while maintaining quasi-neutrality, meaning that
within a sufficiently large volume, the amounts of positive and negative
charge are approximately equal. For the particles to move freely, their
random kinetic (thermal) energy must be higher than electrostatic po-
tential from neighboring particles. That is, that large scale magnetic and
electric fields will dominate the motion of particles rather than other
charges nearby.

For a plasma to appear electrically neutral the typical scales of a sys-
tem needs to be larger than the distance for a test charge to be shielded.
To put this in a more mathematical description, the potential from a test
charge decreased by e~ at a distance given by the Debye length

eokpTe
ADp = \| 7 .
D neqz (2 1)

where € is the vacuum permittivity, ky, is Boltzmann constant, Te is the
electron temperature, n. is the electron density, and q the elementary
charge. In order for Debye shielding to be effective, enough particles
needs to be in a sphere with radius Ap. This second criterion defines
the plasma parameter

A= nekﬁ > 1. (2.2)

The third criterion concerns the time scales of a plasma. If a plasma is
locally disturbed, the electrons® react by oscillate around their equilib-
rium position with frequency

Neq?
meep’

Wpe = (2.3)

1 Blood plasma is not a plasma in a physical sense, but a liquid.
2 Electrons are much lighter so they can react much quicker
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where me is the electron mass. In a plasma, collisions should not dom-
inate the behavior and therefore the plasma frequency wpe should be
much larger than the collision frequency with neutrals T, such that

WpeTn > 1. (2.4)
2.2 MATHEMATICAL DESCRIPTION OF A PLASMA

There are different ways to investigate how a plasma behaves. One of
them is to consider the movement of a single charged particle in spa-
tially and temporally varying electric field E(x,t) and magnetic field
B(x,t). The force on a particle with charge q and mass m can in the
non-relativistic limit3 be expressed as

dv
dt

where v is the particles velocity. This equation describes that a charged
particle with non-zero velocity in a constant magnetic field will have a
circular motion in the plane perpendicular to the background magnetic
field. This motion is the gyromotion and its frequency w is determined

by

F=m— =q(E+vxB), (2.5)

Wg = =, (2.6)

with electrons and ions gyrating in opposite directions.

However, the movement of a single particle does not explain the full
picture of particle dynamics in space plasma physics, since the collect-
ive behavior of charged particles dominate the dynamics in a plasma. It
is therefore useful to instead of describing a single particle to describe
many particles using a particle distribution function f(r, v, t) which es-
sentially describes how many particles have the approximately velocity
v close to point r at time t. This description of a plasma is the kinetic
description of a plasma. The particle distribution function f does not
tell us much about physical quantities of the plasma like the density
and bulk flow vy, these can be easily obtained by integrating over the
particle distribution function

n(r,t) = Jf(r,v,t)dv (2.7)
1
Vp(r,t) = o Jv f(r,v,t)dv. (2.8)
Furthermore, the pressure tensor can be calculated as follows

P= mJ[vab) - (v—=vp)f(r,v, t)dv. (2.9)

This thesis discusses plasma environments close to Earth and Mars that can be treated non-
relativistically. One exception are the radiation belts where electrons can be found moving
at relativistic speeds, however, radiation belt particles are not discussed in this work.



2.2 MATHEMATICAL DESCRIPTION OF A PLASMA

The pressure tensor can be used to calculate the kinetic temperature?
using p = 3nky T where p is the trace of the pressure tensor. Sometimes,
it can be also useful to define two temperature components, one parallel
to the magnetic field T and one perpendicular to the magnetic field T, .
The particle distribution describes the exact position and velocity of
each particle in space at a given time t>. This approach is used in kin-
etic simulations where physical quantities like the density and velocity
are extracted from the particles in a simulation®, this is discussed in
more detail in Chapter 6. Often it is however more useful to represent
the particle distribution function as a mathematical function which rep-
resents an ensemble-average phase space density. Most of the time one is
especially interested in the velocity distribution function f(v) at a cer-
tain point 1y in space at time ty (so f(v) = f(v, 1o, to)). If the plasma is
in a thermal equilibrium, the velocity distribution function can be rep-
resented by a Maxwellian velocity distribution function. The evolution
of the phase space density for collisionless plasmas’ is described by the
Vlasov equation
%:%+V-Vrf+%(E+VXB)~V‘,f:0. (2.10)
Another approach is the magnetohydrodynamic description which de-
scribes a plasma as an electrically conducting fluid using macroscopic
quantities like the density and velocity. Instead of describing the system
with phase space densities, only macroscopic quantities are used. By in-
tegrating moments of Equation (2.10) over velocity space one can derive
a set of conservation laws for each particle species, this is the multi-fluid
theory. Since it can be convenient to treat a plasma as a single fluid, by
combining the densities and velocities of electrons and ions, ny, ne, vy,
and V. into a single components n and v. The resulting equations are
the magnetohydrodynamic equations describing the conservation of mass,
momentum, and energy. The continuity equation describes the conser-
vation of mass

on
M 4w =0, (2.11)

and the equation of motion describes the conservation of momentum,

o(nmv)

m +V-(nmvw)=-V-P+pE+jxB, (2.12)

4 The kinetic temperature is only similar to the temperature in thermodynamics if the plasma
is close to thermal equilibrium.

5 Mathematically, this corresponds to a sum of Dirac delta functions each representing one
particle with a certain velocity and position at time t

6 Due to the extremely large number of particles in a plasma, it is not feasible for simula-
tions to treat each particle as a single electron or ion. Tracking every individual particle
would be computationally impractical. Instead, each simulated particle typically represents
an ensemble of many real particles.

7 Most plasma environments discussed in this thesis can be treated in the collisionless limited
with the exception of the ionosphere (upper ionized part of the atmosphere).
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where p = q(ni —ne) is the charge density, j = q(nivi —neve) is the
current density, and m ~ m; is the mass which corresponds approx-
imately to the ion mass. I don’t like the explanation here going from
the tensor to the scalar dynamic pressure. It has something to do with
streamline which have constant pressure. The term nmvv is the mo-
mentum flux and the trace nmv? acts like a pressure from the bulk
movement of the plasma flow, this is the dynamic pressure®, one of the
key quantities in this thesis as it is used to define magnetosheath jets, the
main topic of this thesis.

Each conservation law introduces a new variable which is defined by
the next higher order equation, so the system of equations is not closed.
To close the system of equations, an additional equation is needed. For
example, an expression for the current density j is needed which was in-
troduced by the momentum equation, Equation (2.12). The evolution of
j is given by Ohm’s law which for a single-fluid magnetohydrodynamic
plasma is

Me Q
ne2 ot’

1 1
E B=nj+—jxB—-——V-P .
+v X m+nq]>< an e+ (2.13)
where 1 is the plasma resistivity, and P is the electron pressure tensor.
In an ideally conducting magnetohydrodynamic fluid all the terms of
the right hand of Equation (2.13) side can be set to zero such that

E+vxB=0, (2.14)

which is ideal Ohm’s law. When ideal Ohm’s law is a good approxim-
ation to describe the plasma, the plasma is frozen-in, which means that
the magnetic field and the plasma move together and are not separable
entities.

Since in a plasma the particles act collectively, they can create mag-
netic and electric fields which in return change the trajectory of the
particles, the particle motion and the electromagnetic fields are there-
fore coupled. This is described by the Maxwell equations (Maxwell,
1865)

V-B=0 (2.15)
v.E=P (2.16)
€0
. oE
V x B = poj+ oMo 5y (2.17)
VXE:f%. (2.18)

Typically, the dynamic pressure is defined as “"}"2 which is a term in the Bernoulli equa-

tion describing the conservation of energy. In classical fluid dynamics the dynamic pressure
nmv?, therefore represents the kinetic energy density while in magnetohydrodynamics the
dynamic pressure is a momentum flux which is equivalent to a force acting per unit area.
In Paper II we therefore use 0.5Pgy, to describe the kinetic energy density




2.3 WAVES IN PLASMAS

Together with either the Vlasov equation or the magnetohydrodynamic
equation they form a set of equations describing how plasma properties
and the fields evolve in time.

Which description is appropriate depends on the problem at hand.
In the magnetohydrodynamic description, different plasma compon-
ents can not be separated, the velocity distribution should therefore be
close to a Maxwellian. Furthermore, magnetohydrodynamics can only
be used to describe processes at spatial and temporal scales larger than
the scales of ions, described by the gyrofrequency wg and gyroradius
Tg = Z%Q with v the speed perpendicular to the magnetic field. In
contrary, kinetic processes become relevant at scales smaller than the
electron inertial length

c

Oe = , .
<o (2:19)

with c as the speed of light. Similarly, the ion inertial length 3; can be
defined using the ion plasma frequency wpe. At spatial scales smaller
than the 6., a kinetic description is needed and at spatial scales larger
than d; both electrons and ions behave like a fluid and therefore the
fluid description is sufficient. The middle ground is at spatial scales lar-
ger than 8. and smaller than §;, then electrons can be treated as a fluid
but ions should be described with kinetic theory. This hybrid approach
is used in this thesis for a numerical model described in Chapter 6.

2.3 WAVES IN PLASMAS

Waves are disturbances that transport energy and information. In every-
day life, familiar examples include light, which is an electromagnetic
wave in which electric and magnetic fields oscillate, and sound, which
consists of compressional waves associated with small density vari-
ations in air. In plasmas, waves are also present, but their behavior is
more complex because the electric and magnetic fields are coupled to
the motion of the charged particles. This coupling gives rise to a wide
variety of distinct wave modes. Waves in collisionless plasmas are of
particular importance, as they provide an efficient mechanism for trans-
porting and redistributing energy between particles?. For a wave to be
excited, the plasma must be driven out of equilibrium. For example,
a Maxwellian velocity distribution is considered to be stable, meaning
that no waves are generated if all particle populations follow such a
distribution.

In plasmas, wave properties, such as propagation speed and the phys-
ical quantities that oscillate, can be derived under appropriate assump-
tions. Typically, these derivations assume that the plasma is close to an

9 In solids, liquids, and gases, energy is mainly redistributed through collisions between
particles. In collisionless plasmas, waves can play a similar role.
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Figure 2.1: Illustration of the magnetic field disturbances (red) for the compres-
sional modes (left) and the shear Alfvén mode (right). The undis-
turbed field in the background is shown in gray.

equilibrium state and that the perturbations are small compared to the
background plasma conditions.

Because charged particles are influenced by the magnetic field, it is of-
ten useful to describe wave propagation and field perturbations relative
to the background magnetic field. This is commonly achieved using a
field-aligned coordinate system, in which one component is parallel (||)
to the magnetic field and the other two components are perpendicular
(1) to it.

In the framework of ideal magnetohydrodynamics (MHD), and as-
suming a homogeneous background magnetic field and small-amplitude
perturbations, three fundamental plasma wave modes arise: the shear
Alfvén wave, the fast magnetosonic wave, and the slow magnetosonic wave.

The shear Alfvén wave can propagate along the magnetic field and,
in this case, it travels at the Alfvén speed'®

__B (2.20)

VA W
The shear Alfvén wave is non-compressional, meaning that neither the
magnetic field magnitude nor the plasma density changes during the
wave propagation'".
The fast magnetosonic wave is the only MHD wave mode that can
propagate perpendicular to the background magnetic field. Unlike the
Alfvén wave, it is compressional: both the magnetic field strength and

The Alfvén wave is non-dispersive so that the group and the phase velocity are the same.
The wave can be visualized as magnetic field lines oscillating sideways, similar to the vibra-
tion of a guitar string
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the plasma pressure fluctuate in phase. For perpendicular propagation,
the phase velocity is the magnetosonic speed

Cms = \/VZ+VE, (2.21)

where vy = ‘/w;li‘?T is the sound speed, and 7 is the polytropic in-

i

dex.For parallel propagation, the phase velocity of fast magnetosonic
mode is va if va > vs or vg if vg > va.

The slow magnetosonic wave, in contrast, cannot propagate in the
purely perpendicular direction. Instead, it propagates preferentially along
the magnetic field and at lower speeds than the fast mode. In this case,
fluctuations in magnetic field strength and plasma pressure are out of
phase.

When the background magnetic field is not homogeneous, these fun-
damental magnetohydrodynamic wave modes can still be identified,
but their properties are modified. This is the case for waves propagat-
ing in Earth’s magnetosphere, which will be discussed in more detail
in Section 3.1.

In Paper I, we identified several wave modes based on their observed
properties, namely electrostatic solitary waves, electron acoustic waves,
whistler waves, and lower hybrid waves. The electrostatic solitary waves
and electron acoustic waves are both electrostatic in nature, meaning
that their signatures are primarily observed in the electric field, with
little or no corresponding magnetic field fluctuations. In contrast, whist-
ler waves are electromagnetic waves that propagate predominantly along
the magnetic field. They are right-hand circularly polarized and are
known to efficiently transfer energy between the wave and resonant
electrons (Jiang et al., 2024). We also identified waves consistent with
lower hybrid waves. Although these waves are often described in the
electrostatic limit, they can still exhibit magnetic field fluctuations (Nor-
gren et al., 2012). Lower hybrid waves typically propagate nearly per-
pendicular to the background magnetic field, with electric field fluctu-
ations mainly confined to the perpendicular plane. They can contribute
to the broadening of density gradients and to the heating of cold ion
populations (Graham et al., 2017). In addition to these identified wave
modes, we also report two types of waves in Paper I that could not be
clearly classified. Their properties do not match those of the standard
textbook wave modes. Since theoretical wave properties are usually de-
rived under simplifying assumptions, for example homogeneous mag-
netic fields or uniform plasma density, these discrepancies may indicate
that such assumptions are not satisfied in the observed plasma condi-
tions.

11
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2.4 SHOCKS

When the plasma flow relative to an obstacle exceeds the speed of one of
the fundamental magnetohydrodynamic (MHD) wave modes discussed
in Section 2.3, a shock forms. This occurs because waves that would
otherwise carry information about the presence of the obstacle cannot
propagate upstream fast enough to influence the incoming plasma. Both
the fast and slow magnetosonic modes can, in principle, steepen into
shocks, separating upstream and downstream regions with different
plasma densities, pressures, and velocities. In this thesis, we focus on
fast magnetosonic shocks, as these are the types of shocks encountered
in planetary plasma environments. Across a fast shock, the plasma is
decelerated, while the density and magnetic field strength increase from
upstream to downstream.

A useful parameter for determining whether a shock will form is the
magnetosonic Mach number,

Mms = L, (2.22)
Cms
where v is the plasma flow speed and cnys is the magnetosonic speed. A
shock forms when My > 1.

In this thesis, we are particularly concerned with supercritical shocks.
At such shocks, the dissipation mechanisms responsible for converting
kinetic energy into thermal energy are not sufficient on their own to re-
duce the speed of the incoming plasma to subsonic values. As a result,
additional processes are required, which leads to the reflection of in-
coming particles at the shock front. These reflected particles travel back
upstream and drive the shock’s structure and dynamics.

The behavior of these reflected particles depends strongly on the
angle Op,, between the upstream magnetic field and the shock normal. If
Opn > 45°, the shock is referred to as quasi-perpendicular. In this case, the
reflected particles remain confined near the shock because their motion
is tied to the magnetic field due to their gyration.

In contrast, for 6p, < 45°, the shock is quasi-parallel. In this regime, re-
flected particles can escape far upstream along the magnetic field lines.
As a result, the upstream region becomes populated by a mixture of
incoming solar wind plasma and reflected particles. This coexistence
of particles moving in different direction creates an unstable plasma
environment, which drives the growth of waves and leads to a highly
turbulent upstream region.
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THE INTERACTION BETWEEN THE SOLAR WIND
AND PLANETARY BODIES

In our solar system, the Sun acts as a natural source of plasma. It con-
tinuously emits a stream of plasma that expands throughout the solar
system, known as the solar wind. Because the Sun’s magnetic field is
frozen into the solar wind, the expanding plasma carries this magnetic
field with it into interplanetary space. This extended magnetic field is
referred to as the interplanetary magnetic field (IMF). Due to the rotation
of the Sun, the IMF, which is approximately radial close to the Sun, be-
comes twisted into a spiral structure known as the Parker spiral (Parker,
1958).

As the solar wind propagates through the solar system, it interacts
with various planetary bodies. This chapter reviews the basic properties
of the solar wind interaction with Earth (see Figure 3.1). The solar wind
interaction with planets that lack an intrinsic dipole magnetic field, such
as Venus and Mars, is also briefly discussed.

3.1 THE SOLAR WIND INTERACTION WITH EARTH

At Earth’s orbital distance, the solar wind typically has a density of 5 —
10cm ™3, a bulk speed of about 400 km/s, and a magnetic field strength
of 5—10nT" (Ma et al., 2020). Due to the Parker spiral configuration,
the IMF is inclined at an angle of approximately 45° relative to the
Sun—Earth line at this distance (Svalgaard et al., 1974).

When the solar wind reaches Earth’s magnetic field, it does not pen-
etrate directly into the atmosphere but is instead deflected around the
magnetosphere. This interaction gives rise to the near-Earth plasma en-
vironment, illustrated in Figure 3.1. The main regions relevant to this
thesis are the bow shock, the magnetosheath, the magnetopause, and
the dayside magnetosphere.

The bow shock and the foreshock

The solar wind propagates at speeds much higher than the fast mag-
netosonic wave speed. Because of this supermagnetosonic flow and
the presence of Earth’s magnetic field acting as an obstacle, a shock
front forms upstream of Earth, known as the bow shock. The average

For comparison, this density is comparable to the "strongest vacuum" achieved in a laborat-
ory (Redhead, 1999) and the speed is faster than any manmade vehicle has achieved. As for
the magnetic field, the Earth’s magnetic field at the surface is about 30 — 60 uT, i.e., roughly
1000 times stronger.
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Figure 3.1: Schematic of various regions in the near Earth plasma environment
that form as a result of the solar wind interacting with the Earth’s
magnetic field. Credits: ESA (original picture courtesy C. Russel)

stand-off distance of Earth’s bow shock is approximately 15Rg (Fair-
field, 1971), where 1Rg =6371km is the mean radius of Earth.

Earth’s bow shock typically has a magnetosonic Mach number of
Mms ~ 8 — 10 (Baumjohann et al., 2012), indicating that it is a fast
magnetosonic shock. Across such a shock, both the plasma density and
the magnetic field strength increase. As a result, the solar wind plasma
is heated, compressed, and decelerated at the bow shock. The plasma
density and the tangential component of the magnetic field increase by
approximately a factor of four from the upstream to the downstream
region of the shock, while the velocity component normal to the shock
decreases by a similar factor. Consequently, the dynamic pressure is
reduced by roughly a factor of four across the shock.

The bow shock is curved, as illustrated in Figure 3.1, which implies
that both quasi-parallel (0° < 8p, < 45°) and quasi-perpendicular (45° <
Opn < 90°) regions always coexist along the shock surface. As discussed
in Section 2.4, ions are reflected at the quasi-parallel bow shock (Thom-
sen et al., 1983) and propagate upstream along the magnetic field. The
region upstream of the bow shock that is magnetically connected to it
and populated by these backstreaming ions is referred to as the foreshock
(Eastwood et al., 2005); see Figure 3.2.

These backstreaming ions interact with the incoming solar wind, lead-
ing to the growth of waves driven by a variety of plasma instabilities
(Eastwood et al., 2005; Wilson, 2016). As these waves evolve, they can
steepen into distinct foreshock structures, such as foreshock compress-
ive structures (FCSs) (Suni et al., 2021), short large-amplitude magnetic
structures (SLAMS) (Schwartz et al., 1991, 1992), and shocklets (Hoppe
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Figure 3.2: Simulated magnetic field strength in the near-Earth plasma environ-
ment in the equatorial plane. The quasi-perpendicular shock and the
quasi-parallel bow shock are marked as well as the foreshock.

et al., 1981). FCSs are characterized by enhancements in both the mag-
netic field and the dynamic pressure (Suni et al., 2021), whereas SLAMS
and shocklets primarily exhibit enhancements in the magnetic field, but
differ in their relative amplitudes and spatial scales (Lucek et al., 2002).
In addition to backstreaming ions and steepened waves, a range of tran-
sient structures can form in the foreshock, including hot flow anomalies,
foreshock bubbles, and traveling foreshocks, which are generated by
changes in the orientation of the IMF (Kajdi¢ et al., 2024; Zhang et al.,
2022).

The magnetosheath

The region downstream of the bow shock is the magnetosheath, which
contains shocked solar wind plasma that is heated, compressed, and
decelerated. In this region, the plasma is primarily deflected around
the magnetosphere, the area dominated by Earth’s magnetic field.

The plasma in the magnetosheath is highly fluctuating, but its proper-
ties differ depending on whether it is downstream of the quasi-parallel
or quasi-perpendicular bow shock (Lucek et al., 2005). Accordingly,
the magnetosheath is often divided into the quasi-parallel magnetosheath,
which is magnetically connected to the quasi-parallel bow shock, and
the quasi-perpendicular magnetosheath, which is connected to the quasi-
perpendicular bow shock. Because the properties of the bow shock are
determined by upstream solar wind and IMF conditions, the character-
istics of the magnetosheath are also controlled by the bow shock regime
(e.g. Lucek et al., 2005; Turc et al., 2020).

In general, the plasma quantities in the quasi-perpendicular mag-
netosheath are less fluctuating than the quasi-parallel magnetosheath
(Lucek et al., 2005). In the quasi-parallel magnetosheath, transient en-
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hancements in dynamic pressure, known as magnetosheath jets, are
observed more frequently (Kramer et al., 2024; Plaschke, Hietala et al.,
2018). These jets are the main subject of this thesis and will be discussed
in greater detail in Chapter 4.

The magnetosphere

The magnetosphere is a region filled with plasma which is controlled by
the Earth’s magnetic field. Its outer boundary is the magnetopause and
its inner boundary is the ionosphere, the upper part of the atmosphere
ionized primarily by ultraviolet radiation from the Sun. While Earth’s
magnetic field is almost dipolar close to it’s surface, the interaction with
the solar wind deforms the dipolar shape: It is compressed on the side
facing the Sun, the dayside, and is stretched out on the opposite side, the
nightside, see the shape illustrated in Figure 3.1.

To describe the magnetic field configuration, several empical models
have been developed, most notably the Tsyganenko models (e.g. Tsygan-
enko, 1989, 1995; Tsyganenko et al., 2005). These models are based on
spacecraft observations and include contributions from key current sys-
tems, such as the magnetopause current, ring current, tail current, and
field-aligned currents, as well as the penetration of the IMF into the
magnetosphere. In Paper IV, the Tg6 model (Tsyganenko, 1995; Tsygan-
enko, 1996) is used to describe the magnetic field in the magnetosphere.

Magnetopause dynamics

On the dayside, the stand-off distance of the magnetopause at the sub-
solar point is primarily controlled by the solar wind dynamic pressure,
which balances the magnetic pressure inside the magnetosphere. Un-
der typical conditions, the magnetopause is located at a distance of
about 10Rg (Cravens, 2004). However, the magnetopause interacts not
with the pristine solar wind, but with the shocked plasma in the mag-
netosheath. In this region, much of the solar wind dynamic pressure
has been converted into thermal pressure (Cravens, 2004), while mag-
netic pressure can also contribute to the total pressure acting on the
boundary (Shue et al., 2013).

In addition, the orientation of the IMF plays an important role. A
southward IMF can lead to magnetic reconnection at the magnetopause,
causing erosion and an earthward motion of the boundary (e.g. Shue
et al., 1998; Shue et al., 1997). Consequently, changes in solar wind dy-
namic pressure can lead to large-scale motion of the magnetopause.

Beyond these large-scale variations, transient pressure changes in
the magnetosheath can produce localized magnetopause displacements.
Such variations are often caused by dynamic structures, including mag-
netosheath jets (e.g. Kim et al., 2025; Némecek et al., 2023) and foreshock
transients such as hot flow anomalies and foreshock bubbles (Grimmich
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etal., 2023; Hartinger et al., 2013; Jacobsen et al., 2009). For example, the
compressive edges of a hot flow anomaly can appear as jet-like dynamic
pressure enhancements in the magnetosheath (Raptis et al., 2025; Zhou
et al., 2024), while foreshock bubbles reduce the dynamic pressure, lead-
ing to local sunward bulges of the magnetopause (Archer et al., 2015).

However, the magnetopause does not respond instantaneously to
such disturbances. Instead, it behaves as a low-pass filter: pressure vari-
ations must persist for several minutes in order to produce a significant
boundary response, and the timescale of the magnetopause motion is
typically longer than that of the driving disturbance (Archer, Horbury
et al., 2013).

While foreshock transients and magnetosheath jets are mostly associ-
ated with magnetopause displacements on the dayside magnetopause
close to the subsolar region®, magnetopause displacement has also been
associated with the Kelvin-Helmholtz instability (KHI) (Johnson et al.,
2014). The Kelvin-Helmholtz instability can develop at the interface of
two fluids moving at different velocities and can therefore develop at
the magnetopause of planets since the magnetospheric plasma moves
at slower speeds compared to the magnetosheath plasma at the flanks
(Belmont et al., 1989). As the initial deformation grows, rolled up vor-
tices form at the boundary which are a typical observation of the KHI
in the nonlinear stage (Johnson et al., 2014). While the KHI can always
grow in a fluid where a velocity shear is present, in a plasma, the com-
pressibility of the plasma and magnetic shear leads to a stabilization of
the KHI (Miura et al., 1982). In particular, if the magnetic field is par-
allel to the wave vector it has a stabilizing effects due to the magnetic
tension force.

3.1.0.1 ULF waves in the magnetosphere

Inside Earth’s magnetosphere, a wide variety of plasma waves occur,
playing a crucial role in energy transport and particle dynamics. In this
thesis, and in particular in Paper IV, we focus on ultra-low-frequency
(ULF) waves in the Pc5 range. These waves have periods of 150 —600s
and represent the lowest-frequency waves that the magnetosphere can
sustain, as their wavelengths are comparable to the size of the system
(Koskinen et al., 2022). On such large spatial scales, the wave modes can
be discussed the magnetohydrodynamic limit, see Section 2.3.

For waves propagating along magnetic field lines, Earth’s magnetic
field acts as a guiding field. Since these field lines are anchored in
the Southern and Northern ionosphere, only specific wavelengths can
be sustained. In particular, standing wave modes can form when the
wavelength matches 21/n, where 1 is the length of the magnetic field

Jet research has been focusing on the subsolar/dayside magnetosheath due to a spacecraft
orbit bias. In addition, due to the higher magnetosheath flow at the flank/nightside mag-
netopause, it is expected that jets impact the nightside magnetopause less frequently, if at
all.
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line and n is an integer. These standing oscillations are known as field-
line resonances.

Because the background magnetic field varies significantly on global
scales, a local field-aligned coordinate system is used to describe the
wave properties. In this system, the directions are defined as radial (out-
ward from Earth), azimuthal (east-west), and field-aligned (parallel to
the background magnetic field). Within this framework, ULF waves are
commonly categorized into toroidal and poloidal modes. The toroidal
mode corresponds to shear Alfvén waves, with perturbations in the
azimuthal magnetic field and an electric field polarized in the radial
direction. These waves propagate primarily along magnetic field lines.
In contrast, the poloidal mode is associated with the fast magnetosonic
mode, which can propagate across field lines. In this case, the electric
field is oriented in the azimuthal direction, while magnetic field per-
turbations may be radial (for parallel-propagating poloidal modes) or
field-aligned in the compressional mode.

In addition to their polarization, ULF waves are often characterized
by their azimuthal wave number m, which describes how many wave
cycles fit around Earth. Low-m waves (m < 10) are typically driven
by externally and tend to exhibit a more toroidal polarization. For ex-
ample, pressure disturbances compress the magnetosphere or launch
fast-mode waves into the magnetosphere. When the frequency matches
the eigenfrequency of a field-line and the local Alfvén speed, a per-
pendicular propagating wave can efficiently couple to a field-aligned
propagating Alfvén wave which corresponds to a toroidal wave. This
mechanism is particularly relevant for Paper IV as we study jet-driven
disturbances and their associated Pc5 wave signatures in the ionosphere.
In contrast, poloidal modes are more often associated with internal
magnetospheric processes and frequently exhibit higher azimuthal wave
numbers (Menk, 2011). (More citations?)

3.2 SOLAR WIND INTERACTION WITH UNMAGNETIZED PLANETS

Venus and Mars provide natural laboratories for studying solar wind
interactions with planets that lack a global intrinsic magnetic field but
possess a substantial atmosphere3. In the absence of a planetary mag-
netic field, it is the ionized atmosphere that forms the primary obstacle
to the solar wind.

The upper part of the atmosphere becomes ionized due to photoion-
izaiton caused by the Sun’s solar ultraviolet radiation, producing an
ionosphere. This ionized region thus presents an obstacle to the solar
wind (Cravens, 2004). The solar wind dynamic pressure is converted
into magnetic pressure in the magnetosheath due to magnetic field

Mars has localized crustal magnetic fields that locally influence the interaction with the
solar wind (Brain et al., 2003). Consequently, the solar wind interaction with Mars is some-
times considered hybrid. Since Paper V discusses magnetosheath jets in a global context,
the Martian magnetosphere is introduced here as being in a purely induced state.
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Figure 3.3: Overview over the plasma environment at Venus showing the direc-
tion of the solar wind flow (1), the IMF (2), the bow shock (3), and the
induced magnetopause boundary (4). Figure by Albers et al. (2024),
licensed under CC BY 4.0.

pileup. The magnetic pressure then balances the thermal pressure of
the ionosphere and leads to the formation of an induced magnetosphere.
A schematic of the solar wind interaction with an unmagnetized planet
is shown in Figure 3.3, illustrating the Venusian plasma environment.

Despite the lack of an intrinsic magnetic field, the solar wind in-
teraction at Mars and Venus shares several similarities with that at
Earth. In all cases, the solar wind is super-magnetosonic, which leads
to the formation of a bow shock upstream of the planet, followed by a
magnetosheath region. However, the bow shock stand-off distances are
much smaller: approximately 1.6 Ry (Martian radius, 1 Ry=3397 km) at
Mars (Edberg et al., 2008) and 1.4 Ry (Venusian Radius, 1 Ry=6051km)
at Venus (Shan et al., 2015), compared to the terrestrial bow shock stand-
off distance of about 15 Rg. This difference is primarily due to the smal-
ler size of the obstacles, and as a consequence, the magnetosheath is
also considerably thinner.

The bow shock structure at induced magnetospheres can also differ
qualitatively from that at Earth. In particular, when the IMF is aligned
with the solar wind flow direction (a radial IMF), magnetic field pileup
in the magnetosheath is strongly reduced. Under such conditions, the
bow shock can degenerate (Zhang et al., 2024). Additionally, because
the bow shock is located so close to the planet, the extension of the
neutral atmosphere, the exosphere, extends beyond the bow shock. Once
exospheric atoms upstream the bow shock become ionized, they form
a population of slow-moving ions compared to the solar wind speed.
These ions can excite plasma waves upstream of the bow shock (Futaana
et al., 2017; Zhang et al., 2025) in a similar manner than the reflected
ions at the quasi-parallel shock. At Mars, it has therefore been pro-
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posed that such upstream wave activity can influence the bow shock
on a global scale, rather than being limited to the quasi-parallel shock
geometry (Zhang et al., 2025).

The outer boundary of an induced magnetosphere is the Induced
Magnetosphere Boundary (label 4 in Figure 3.3) which separates solar
wind plasma from planetary plasma similar to the magnetopause at
Earth. Crossing this boundary is associated with pronounced changes
in several plasma parameters, including a change in magnetic field
strength, enhanced magnetic field draping, electron temperatures de-
crease, and both the density and energy of solar wind ions are re-
duced (Bertucci et al., 2011). These observed changes are not necessar-
ily co-located, and as a result, the terminology of this boundary varies
throughout the literature depending on the observational criteria used
to identify it (e.g. Matsunaga et al., 2017; Xu et al., 2016). In Paper V,
we adopt the term Induced Magnetopause Boundary while we use Induced
Magnetosphere Boundary in Paper VI.



MAGNETOSHEATH JETS

4.1 OVERVIEW

Magnetosheath jets are commonly defined as transient dynamic pres-
sure enhancements in the magnetosheath. In simple terms, a jet is a
plasma structure that moves faster and/or is denser than the surround-
ing plasma. An example observation of a magnetosheath jet is shown
in Figure 4.1. For this particular event, both the plasma density (fourth
row) and velocity (thrid row) are enhanced. In addition, the ion tem-
perature is lower and more isotropic (fifth row), and the magnetic field
strength is enhanced (second row). Reduced and more isotropic ion
temperatures, together with enhanced magnetic fields, are typical fea-
tures observed in magnetosheath jets (Plaschke et al., 2013; Raptis et al.,
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An alternative approach is to define jets relative to the local back-
ground dynamic pressure. In this case, the background is typically com-
puted using a running average over a time interval longer than the char-
acteristic duration and recurrence time of jets. The original criterion
uses an averaging interval of 20 minutes (Archer and Horbury, 2013).
Shorter averaging intervals have also been employed (e.g. Mohammed-
Amin et al,, 2025; Raptis, Karlsson, Vaivads, Pollock et al., 2022; Suni
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Figure 4.1: Jet observation by the MMS1 spacecraft. Left: Measurements at nom-

inal time resolution (fast mode data). Right: Higher time resolution
measurements (burst mode data) during the yellow-shaded interval
indicated on the left. From top to bottom: Dynamic pressure and
different thresholds derived from either upstream measurements or
local background estimates, magnetic field, velocity, ion and electron
number density, parallel and perpendicular temperatures (relative
to the magnetic field), and differential ion flux. Reproduced from
Kramer et al. (2024), licensed under CC BY 4.0.
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et al.,, 2021), for example in simulations with limited run times or in
studies of jets downstream of other planetary bow shocks.

The use of different jet identification criteria leads to the identifica-
tion of different plasma structures (Plaschke, Hietala et al., 2018), which
also complicates direct comparisons between studies. In Papers I and IV,
we used a background-based criterion, as some of the jets studied in Pa-
per I were not observed in the subsolar magnetosheath. Papers IT and III
are based on simulations, where upstream solar wind parameters are
well defined; in these cases, jets are identified through comparison with
upstream values, without requiring velocity enhancements in the one-
minute intervals before and after the jet. This criterion was chosen for
consistency with Fatemi et al. (2024a) who investigated jets using the
same plasma model and to avoid difficulties when computing running
averages at non-stationary boundaries. In Paper II, we additionally con- |f | were a re-
sider Pqy, instead of Pgyn x, as the use of Py x was found to overes- viewer, | would ask
timate the disappearance rate of jets in the magnetosheath. In Paper V, why
we again employ a background-based criterion due to the lack of an up-
stream monitor at Mars and use 10-minute running averages, reflecting
the comparatively thin magnetosheath.

The overview presented here is primarily based on observations in
the near-Earth plasma environment, where jets have been most extens-
ively studied (e.g. Kramer et al., 2024; Plaschke, Hietala et al., 2018).
Although the work presented in this thesis focuses on the propagation
and effects of magnetosheath jets, we begin by discussing the proposed
formation mechanisms of jets in Section 4.2. This is followed by a dis-
cussion of their propagation through the magnetosheath (Section 4.3)
and their interaction with the magnetosphere (Section 4.4). Jets in other
plasma environments are discussed in Section 4.5.

Finally, it is worth noting that jet nomenclature varies across the lit-
erature (Plaschke, Hietala et al., 2018). Terms such as high-speed jets are
used when a significant velocity enhancement is present (Plaschke et al.,
2013), while plasmoids has been used to both identify structures with en-
hanced velocity (Gunell et al., 2014) or enhanced density (Karlsson et al.,
2012). Throughout this thesis, the term jet or magnetosheath jet is used to
describe transient dynamic pressure enhancements.

4.2 OCCURRENCE AND FORMATION OF JETS

Magnetosheath jets are observed more frequently downstream of the
quasi-parallel bow shock (e.g. Archer and Horbury, 2013; Plaschke et
al., 2013; Vuorinen et al.,, 2019) and tend to occur preferentially close
to the bow shock (Plaschke et al., 2013; Vuorinen et al., 2019). This spa-
tial distribution suggests that their formation is closely linked to the
dynamics of the quasi-parallel bow shock and the foreshock region, al-
though the exact mechanisms remain an active area of research (Kramer
et al.,, 2024).
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One of the earliest proposed generation mechanisms is bow shock rip-
pling. In this scenario, local variations in the shock geometry lead to
regions where the incoming plasma is less efficiently decelerated but
still strongly compressed (Hietala et al., 2009, 2012, 2013). As a result,
localized regions of enhanced dynamic pressure can form downstream
of the shock. These ripples may themselves be generated by upstream
structures such as SLAMS convecting toward the bow shock (Schwartz
et al., 1991) or by hot flow anomalies (Savin et al., 2012).

Another generation mechanism involves the transmission of foreshock
structures across the bow shock. Several studies have suggested that
structures such as SLAMS and other compressive structures can pen-
etrate or interact with the shock and subsequently evolve into mag-
netosheath jets (e.g. Karlsson et al., 2015; Suni et al., 2021). For ex-
ample, Karlsson et al. (2015) proposed that small-amplitude SLAMS
can pass through the bow shock and interact with larger structures,
such as large-amplitude SLAMS or hot flow anomalies, effectively cre-
ating localized shock ripples and generating jets. Similarly, Palmroth et
al. (2018) found that SLAMS can form magnetosheath jets after crossing
the shock. A follow-up study identified foreshock compressive struc-
tures (FCSs), characterized by enhanced dynamic pressure and mag-
netic field strength, and showed that a large fraction of jets downstream
of the quasi-parallel bow shock are associated with FCSs crossing the
shock Suni et al. (2021). However, this interpretation is not unchal-
lenged. Xirogiannopoulou et al. (2026) argued that foreshock structures
may not be the dominant source of jets, as their occurrence rates do
not consistently correlate with jet occurrence under varying solar wind
conditions. Instead, they proposed that fluctuations in the upstream
magnetic field can lead to cyclic bow shock reformation, allowing solar
wind plasma to enter the magnetosheath with reduced deceleration and
thereby generating jets (Raptis, Karlsson, Vaivads, Pollock et al., 2022).
In Paper III, we investigate the connection between jets and upstream
magnetic field structures with enhanced amplitudes.

While most jet formation mechanisms focus on quasi-parallel shock
dynamics, discontinuities in the upstream IMF can also lead to jet form-
ation. In particular, rotational discontinuities in the interplanetary mag-
netic field can generate large-scale pressure enhancements in the mag-
netosheath (Archer et al., 2012; Suni et al,, 2025). These events may
produce longer-lived and potentially more geoeffective jets compared
to those formed at the quasi-parallel shock. Similarly, the compressive
edges of hot flow anomalies can appear as magnetosheath jets down-
stream of the shock (Raptis et al., 2025). One of the events analyzed in
Paper IV is associated with such an IMF rotation.

Although jets occur more frequently downstream of the quasi-parallel
bow shock, they are also observed downstream of the quasi-perpendicular
shock (Goncharov et al., 2020). In this region, the formation mechanisms
appear to differ. For example, localized acceleration processes, such as
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those associated with non-reconnecting current sheets or reconnection

exhausts, can create jet-like structures, particularly in the less turbu-

l.ent quasrperpenc.hc-ulal.' mégnetosheath (Kajdi¢ et al., 2021). In addi- can we tal k about
tion, flux tubes originating in the quasi-parallel foreshock can extend | ,x tubes in a tur-
into the quasi-perpendicular magnetosheath and produce jet-like sig- bul ent pl asma?
natures (Kajdi¢ et al., 2021). Other phenomena can also produce sig-

natures that meet jet identification criteria. For instance, mirror mode jrror npdes can
structures, characterized by magnetic dips and density enhancements, al so be density
may be classified as jets if the density increase is sufficiently large (Ka- di ps but then they
jdi¢ et al., 2021). Similarly, gyrating ion populations near the bow shock }M;?st ( gloarSn.S'r I )c;r as
can produce localized dynamic pressure enhancements (Vuorinen et al., 1pdes is nore t han
2023). Finally, bow shock ripples also exist, even though with smaller what you wrote)
scale sizes, at the quasi-perpendicular bow shock (Johlander et al., 2016)

which could also lead to jet formation (Raptis et al., 2020). In Paper III,

we report jets downstream of the quasi-perpendicular bow shock that

are likely associated with flux tubes connected to the quasi-parallel re-

gion. In contrast, the jets analyzed in Paper IV are observed close to the

quasi-perpendicular bow shock and may instead be related to gyrating

ions.

4.3 PROPAGATION OF JETS

The preferential occurrence of jets close to the bow shock already sug-
gests that they evolve and ultimately "disappear” as they propagate
through the magnetosheath. Observational studies have estimated typ-
ical jet sizes to be on the order of 1 Rg (Goncharov et al., 2020; Plaschke
et al.,, 2016). However, these estimates are biased toward larger struc-
tures. Accounting for this observational bias, Plaschke, Jernej et al. (2020)
argued that the characteristic scale size of jets is closer to 0.1 Rg.

These size estimates generally assume that jets are coherent, isol-
ated structures with relatively simple geometries (e.g. Plaschke et al.,
2016). However, recent global simulations challenge this picture. Instead
of isolated entities, jets appear as highly dynamic and interconnected
structures embedded within the magnetosheath flow, forming a com-
plex, filamentary network that has been described as a honeycomb-like
structure (Fatemi et al.,, 2024a; Ren et al.,, 2024). An example of such
a structure is shown in Figure 4.2, where the yellow and red regions
in the magnetosheath (with the bow shock indicated by black points)
correspond to those interconnected jets.

As jets propagate through the magnetosheath, they interact continu-
ously with the surrounding plasma, leading to a gradual evolution
of their properties (e.g. Goncharov et al., 2020; Palmroth et al., 2018;
Plaschke, Jernej et al., 2020). Observations indicate that jets thermalize
as they move away from the bow shock while their density, velocity,
and magnetic field strength decrease and become more similar to those
of the ambient magnetosheath plasma (Palmroth et al., 2018). As a con-
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Figure 4.2: Relative dynamic pressure in four yz-planes showing the structure
of jets. The black dots depict the bow shock and the contours give
around the yellow and red dynamic pressure enhancements depict
magnetosheath jets. Reproduced from Fatemi et al. (2024a), licensed
under CC BY 4.0.
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4.4 EFFECTS ON THE MAGNETOSPHERE

sequence, the dynamic pressure within the jet decreases, reflecting a
reduction in kinetic energy density. Jets can therefore be viewed as loc-
alized sources of kinetic energy that is redistributed within the mag-
netosheath. In Paper II, we quantify this energy conversion on global
scales.

While it is clear that jets transfer energy to their surroundings, the
main mechanisms responsible for this energy conversion are not yet
fully understood. Several processes likely contribute. For example, su-
permagnetosonic jets can drive bow waves ahead of them (Karimabadi
et al., 2014), which may lead to particle acceleration (Liu et al., 2019).
In addition, the faster motion of jets relative to the ambient plasma can
generate flow perturbations, accelerating plasma ahead of the jet and
displacing it sideways, while a wake forms in the downstream region
(Plaschke and Hietala, 2018). Another important aspect is the increased
wave activity observed both inside jets and in their immediate vicinity
(Gunell et al., 2014; Karlsson et al., 2018; Kréamer et al., 2023). These
waves may play a role in transferring energy between particles and
fields. In Paper I, we use high time-resolution observations to identify
wave modes within and around magnetosheath jets.

4.4 EFFECTS ON THE MAGNETOSPHERE

Some jets propagate all the way to the magnetopause and jets with
scale sizes exceeding 2 Rg are frequently found to impact the magneto-
pause, with an occurrence rate of approximately 2.4h~! under average
conditions and up to 7.9h~" during low IMF cone angle conditions
(Plaschke, Hietala and Vo6ros, 2020). When such jets reach the mag-
netopause, they can induce a range of responses by locally enhancing
the dynamic pressure and thereby disturbing pressure balance at the
boundary. These responses include magnetopause motion due to pres-
sure imbalances (e.g. Escoubet et al., 2020; Hietala et al., 2009, 2012; Kim
et al., 2025; Némecek et al., 2023; Shue et al., 2009), direct penetration
of magnetosheath plasma into the magnetosphere (Gunell et al., 2012),
and the triggering of magnetic reconnection through compression of
the magnetopause (Hietala et al., 2018).

The jet-triggered magnetopause motion has often been studied us-
ing multi-spacecraft observations with separations of a few Rg. These
measurements reveal large deformations of the magnetopause, includ-
ing indentations of several Rg accompanied by simultaneous sunward
bulges (Kim et al., 2025; Shue et al., 2009). Since multiple jets can impact
the magnetopause at different locations simultaneously, the boundary
can become dynamically disturbed during periods of enhanced jet oc-
currence (Escoubet et al., 2020), also shown in Figure 4.3. However, the
magnetopause response is not purely instantaneous. Instead, it behaves
similarly to a low-pass filter, smoothing out rapid variations and re-
sponding primarily to variations on timescales of several minutes. Con-
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Figure 4.3: Disturbed magnetopause boundary (blue-red surface) interaction
with jet (gray structures). Only jets within 8000 km of the magneto-
pause are shown. Reproduced from Cite paper III once published,
hopefully, licensed under CC BY 4.0.

sequently, the magnetosphere might tend to respond to groups of jets
rather than individual pulses (Archer, Horbury et al., 2013).

In light of recent observations of the interconnected and dynamic
structure of magnetosheath jets, we further investigated magnetopause
dynamics in response to jet impacts using three-dimensional simula-
tions in Paper III. The jet interaction with the magnetopause in the sim-
ulation is shown in Figure 4.3 recovering a highly disturbed magneto-
pause. The simulation shows that continuous jet generation at the bow
shock can drive flankward-propagating magnetopause surface waves
(red bulge in Figure 4.3) due to continous jet impact at the magneto-
pause.

As a result of localized magnetopause deformations, jet impacts can
also generate magnetospheric responses. In particular, electromagnetic
waves in the Pcs frequency range (with periods of 150 — 500 s) have been
observed both near the magnetopause and at geosynchronous orbit fol-
lowing jet impact (Archer, Horbury et al., 2013), as well as in ground-
based magnetometer observations (Dmitriev et al., 2012; Norenius et al.,
2021; Wang et al., 2022). These observations indicate that compressional
disturbances at the magnetopause can excite ultra-low frequency (ULF)
waves that propagate throughout the magnetosphere. The initial com-
pressional perturbation can couple to field-aligned wave modes, allow-
ing the disturbance to reach the ionosphere and be detected by ground-
based instruments. Through this process, jets can transfer solar wind
energy into the magnetosphere and the ionosphere.

The energy transported by these waves can contribute to ionospheric
heating. For example, Rae et al. (2007) showed that sustained low-frequency
wave activity over several hours can deposit up to 30% of the energy typ-
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ically associated with a substorm'. Motivated by this, we estimated the
contribution of jets to ionospheric energy input via Joule heating in Pa-
per IV. Our results indicate that, although detectable, the contribution
from jets is small compared to events like substorms.

In addition to wave-driven effects, jet impacts have also been associ-
ated with diffuse and discrete auroral brightenings (Wang et al., 2018).
The intensity of diffuse aurora has been suggested to be directly con-
trolled by the dynamic pressure at the magnetopause (Wang et al., 2018),
while discrete aurora can be driven by field-aligned electric fields asso-
ciated with low-frequency wave activity, which accelerate particles into
the ionosphere (Qiu et al., 2024). In Paper IV, auroral emissions were
also observed during the investigated event. However, variable cloud
coverage prevented a reliable assessment of changes in auroral intens-
ity. Enhanced auroral activity would increase the overall energy input
into the ionosphere. Nevertheless, even if this contribution is compar-
able to that from Joule heating driven by ULF waves, the total energy
input associated with jets remains relatively small.

4.5 JETS IN OTHER PLASMA ENVIRONMENTS

Since jet formation is often associated with processes at the (quasi-
parallel) bow shock, it is reasonable to expect that jets may also form
downstream of other shock environments. While jets in the terrestrial
magnetosheath have been extensively discussed in the literature, obser-
vations of jets downstream of non-terrestrial shocks have only recently
been reported (Gunell et al., 2023; Hietala et al., 2024; Zhou et al., 2024).
Specifically, Gunell et al. (2023) identified three jets downstream of the
Martian bow shock, while Zhou et al. (2024) reported three jet events in
Jupiter’s magnetosheath. In addition, even interplanetary shocks char-
acterized by lower Mach numbers and smaller compression ratios have
been shown to produce dynamic pressure enhancements (Hietala et al.,
2024).

To understand how dynamic pressure enhancements behave across
different plasma environments, statistical studies are required; how-
ever, such studies are limited by the relatively small number of ac-
cessible environments. One option is to use data from the MAVEN
spacecraft (Jakosky et al., 2015), which orbits Mars and provides ex-
tensive coverage of the Martian magnetosheath. We therefore study dy-
namic pressure enhancements downstream of the Martian bow shock
in Paper V. The results were compared with jets observed in the ter-
restrial magnetosheath. However, this comparison is not straightfor-
ward, as MAVEN's highly inclined orbit causes it to sample the flank
magnetosheath much more frequently than the subsolar region. This

A substorm is a transient disturbance in the Earth’s magnetosphere during which stored
magnetic energy on the nightside is rapidly released and injected into the ionosphere caus-
ing, for example, auroral display.
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is further complicated by the restricted field of view of the instrument
measuring plasma density and velocity which compromises the data
quality. Therefore, this data in the subsolar region is often excluded to
ensure sufficient data quality for statistical studies. Despite these chal-
lenges, we find that the Martian dynamic pressure enhancements ex-
hibit overall behavior similar to terrestrial magnetosheath jets, although
they occur on smaller spatial scales. Overall, those recent findings sug-
gests that jet formation is not unique to Earth’s magnetosheath, but is
a universal process at shocks.
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SPACECRAFT MISSIONS AND GROUNDBASED
MEASUREMENTS

To learn about magnetosheath jets and the plasma environment around
planetary bodies we use measurements from instruments mounted on
spacecraft. Since magnetic field line are connected to the ionosphere,
even measurements on the ground can be used to infer the state and
processes in the magnetosphere. In this chapter, we start with introdu-
cing the different space missions with the associated instrumentation,
we then introduce ground based experiments.

5.1 THE MAGNETOSPHERIC MULTISCALE MISSION

To detect jets in the magnetosheath, we primarily use the Magneto-
spheric Multiscale (MMS) mission (Burch et al., 2016) consisting of four
identical, spin-stabilized spacecraft that have been orbiting Earth in a
highly elliptical orbit since 2015. An artistic impression of the four MMS
spacecraft orbiting the Earth’s magnetosphere is given in Figure 5.1. Its
primary scientific objectives are to investigate the microphysics of mag-
netic reconnection at the dayside magnetopause and in the magnetotail
neutral sheet. To achieve this, the spacecraft typically fly in a tetrahed-
ral configuration with inter-spacecraft separations ranging from tens to
hundreds of kilometers. The MMS mission not only enables high spa-
tial resolution due to the small inter-spacecraft distance, but also high
time resolution burst mode measurements. Burst mode measurements
are only available for limited intervals due to telemetry limitations. Al-
though the dayside magnetopause is one of the main region of interest,
MMS data have also been widely used to study the foreshock, bow
shock, and magnetosheath, including magnetosheath jets (e.g. Karlsson
et al., 2018; Raptis et al., 2020; Raptis, Karlsson, Vaivads, Lindberg et
al., 2022; Xirogiannopoulou et al., 2026). Each spacecraft carries instru-
ments that measure magnetic and electric fields, as well as the particle
distribution function which is used to derive parameters such as dens-
ity and velocity.

We used MMS data in Papers I and IV. The mission concept dis-
cussed in Paper VI proposes instruments similar to those on the MMS
spacecraft. When studying plasma structures that are typically much
larger than the small MMS inter-spacecraft separations, such as mag-
netosheath jets, studies often rely primarily on data from one space-
craft only, e.g. MMS1 data, rather than on data from all four spacecraft.
Accordingly, we mainly use data from MMS1, but in Paper I we also
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Figure 5.1: An artistic impression of the four MMS spacecraft in orbit around
Earth’s magnetosphere. Credits: NASA /GSFC

include MMS2-4 when analyzing the properties of electrostatic waves
and computing the current based on Ampere’s law.

Add figure with coordinate system Data from spacecraft measure-
ments is presented in either Geocentric Solar Ecliptic (GSE) coordinates
or Geocentric Solar Magnetospheric (GSM) coordinates if not stated oth-
erwise’. In both coordinate systems x points toward the Sun. In the GSE
coordinate system, z is parallel to the ecliptic pole, and y completes the
right-hand coordinate system pointing toward dusk. In the GSM co-
ordinate system, y is perpendicular to the magnetic dipole axis such
that the xz-plane contains the dipole axis, and z completes the right
hand coordinate system. Sometimes we also use a local field-aligned
coordinate system,

In the following sections, we briefly introduce the instruments used
in Papers I and IV.

Fast Plasma Investigation

Plasma properties like the density, velocity, and temperature can be
derived using the Fast Plasma Investigation (FPI) instrument (Pollock
et al., 2016). The FPI measures the differential directional flux of elec-
trons and ions in the energy/charge range from 10eV/q to 30keV/q. In
high-resolution (burst) mode, electron fluxes are sampled every 30 ms
and ion fluxes every 150ms, with a full 360° field of view. In regu-
lar time resolution (fast) mode, the fluxes are available every 4.5s. In-

1 When studying waves it is sometimes more useful to use a local coordinate system aligned
with the magnetic field, so called field-aligned coordinates.
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stead of relying on the spacecraft’s spin to achieve the high time resolu-
tion, the FPI uses four dual top-hat electrostatic analyzers mounted on
each spacecraft. The angular resolution is 15° in the polar direction and
11.25° in the azimuthal direction.

Although the FPI instrument directly measures particle fluxes, these
fluxes can be converted into velocity distributions. The resulting velo-
city distributions are then used to compute the moments of the velocity
distribution, specifically, the number density, bulk velocity, and temper-
ature for ions and electrons as described in Chapter 2. The FPI instru-
ment does not differentiate between different ion species as it lacks a
mass spectrometer.

Magnetic field measurements

Magnetic field measurements are provided by magnetometers. Each
MMS spacecraft carries three magnetometers as part of the FIELDS in-
strument suite (Torbert et al., 2016), which together measure the mag-
netic field vector across a wide range of frequencies. Two redundant
fluxgate magnetometers (Russell, Anderson et al., 2016) provide meas-
urements from DC up to 64 Hz. In addition, a search-coil magnetometer
(Le Contel et al., 2016) measures magnetic field fluctuations in the fre-
quency range from 1Hz to 6 kHz.

Electric field measurements

The electric field vector is derived from potential measurements by the
spin-plane double probes (SDP) (Lindqvist et al., 2016) and the axial
double probes (ADP) (Ergun et al., 2016) both of which are also part
of the FIELDS instrumentation suite. The SDP consists of four identical
probes placed on 60 m wire booms, separated by 90°, which measure
the electric field in the spacecraft spin plane over a frequency range
from DC to 100 kHz. The ADP measure the electric field along the spin
axes, also covering the frequency range DC to 100 kHz. The two sensors
included in the ADP are separated by 30 m. The electric field compon-
ent Ey; between a pair of probes can be derived from the potential dif-
ference using

Eij = —

(5.1)

where V; and Vj are the electric potentials measured by probe i and j,
and dij is the distance between them.

Active spacecraft control

The MMS spacecraft also have the Active Spacecraft Potential Control
(ASPOC; Torkar et al., 2016) onboard. The spacecraft potential is often
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positive when the spacecraft is sunlit due to extreme ultra-violet radi-
ation. To neutralize the spacecraft potential, the ASPOC releases posit-
ively charged ions. If the spacecraft potential is not neutralized, the tra-
jectories of charged particles is influenced causing distorted particle dis-
tribution measurements. Furthermore, the electric field measurements
are compromised. We propose the use of spacecraft potential control in
our mission proposal in Paper VI with the MMS ASPOC as the heritage
instrument.

5.2 THE TIME HISTORY OF EVENTS AND MACROSCALE INTERAC-
TIONS DURING SUBSTORMS MISSION

The Time History of Events and Macroscale Interactions during Sub-
storms (THEMIS; Angelopoulos, 2008) mission consists of five identical,
spin-stabilized spacecraft launched in 2007, though two probes were re-
located to orbits around the moon in 2010 forming the ARTEMIS mis-
sion (Angelopoulos, 2011). The objective of the THEMIS mission is to
study the onset of magnetospheric substorms. The THEMIS carries, sim-
ilar to MMS, scientific instruments to measure the plasma distribution
as well as the magnetic and electric fields. In Paper IV we used the
flux gate magnetometer (FGM Auster et al., 2008) for measurements
of the interplanetary magnetic field upstream of the bow shock. The
FGM provides the magnetic field vector with a measurement frequency
of 64 Hz. We also used the FGM as a heritage instrument onboard the
proposed mission to Venus described in Paper VI. In addition, we also
used the electrostatic analyzer (ESA; McFadden et al., 2008) onboard
the THEMIS spacecraft as a heritage instrument for our proposed mis-
sion to Venus. The ESA provides measurements of the ion and electron
distributions each 3's spin period in the energy range 1.6 — 25000 eV for
ions and 2 — 32000 eV/q for ions. The field of view is 4 each spin.

5.3 THE HIGH-RESOLUTION OMNI DATASET

The OMNI dataset (Papitashvili et al., 2020) contains solar wind mag-
netic field and plasma data. This dataset is constructed using data from
different space missions, in recent years mainly from ACE (Stone et al.,
1998) and Wind spacecraft (Harten et al., 1995). Both spacecraft are or-
biting Earth’s Lagrange point 1. Since the solar wind takes on average
about 1 hour from this Lagrange point to Earth, the data is then time
shifted to the Earth’s nominal bow shock nose. While the OMNI data-
sets on average give a good estimate of the solar wind conditions, the
shift of the data to the bow shock introduces an temporal uncertainty
(Case et al., 2012; Mailyan et al., 2008). The data is available at differ-
ent time resolutions, in Paper I and IV we used the data with 1 minute
cadence which is the highest available time resolution.
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5.4 THE MARS ATMOSPHERE AND VOLATILE EVOLUTION MISSION

The Mars Atmosphere and Volatile Evolution (MAVEN; Jakosky et al.,
2015) mission aims to study the Martian atmosphere. The spacecraft
was launched in November 2013 and its science operation began in
November 2014. The spacecraft is a three-axis stabilized spacecraft and
the missions primary objective is to quantify the loss of atmospheric gas
at Mars. The spacecraft is therefore equipped with full suite of plasma
instruments. For our statistical study of jets in the Martian plasma en-
vironment in Paper V, we used two of the instrument on board the
spacecraft, namely, the Solar Wind Ion Analyzer (SWIA; Halekas et al.,
2015) and the fluxgate magnetometer (Connerney et al., 2015). SWIA is
a top hat electrostatic analyzer with a 360° x 90° build to measure the
solar wind. The instrument has two modes, the coarse mode for the
magnetosheath and the fine mode for the solar wind. There are also
onboard plasma moments are calculated every 4 s which we use for our
analysis. The magnetometer measures the magnetic field vector with a
sampling frequency of 32 Hz.

5.5 GROUND-BASED MEASUREMENTS

Since the magnetosphere is magnetically connected to the ionosphere,
measurements of the ionosphere can be complementary to space-bourne
measurements. While it is difficult to probe the ionosphere directly with
spacecraft, ground-based measurements can be used instead. In the fol-
lowing section, the ground-based instruments used in Paper IV, namely
ground-based magnetometer, all-sky cameras, as well as coherent and
incoherent scatter radars are introduced.

5.5.1  Ground-based magnetometers

Ground-based magnetometers measure the magnetic field vector on the
ground. The magnetic field on the ground is the superposition of the
Earth’s internal magnetic field and external magnetic fields. The ex-
ternal magnetic fields are mainly the result of currents flowing in the
ionosphere and magnetosphere giving rise to magnetic fields according
to Amprere’s law. Changes in the Earth’s magnetic field are thought to
be slow compared to changes in the ionospheric current systems, which
can change on minute time scales. Therefore, the ionospheric contribu-
tion to the magnetic field measured on the ground can be approximated
by subtracting a baseline magnetic field (e.g. Gjerloev, 2012). In addition
to ionospheric currents, ground-based magnetometers can also be used
to study low-frequency wave activity in the magnetosphere (e.g. Mathie
et al., 2000; Murphy et al.,, 2011; Rae et al., 2007; Wang et al., 2022) as
those waves cause magnetic disturbances in the ionosphere.
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Ground-based magnetometers are usually operated by different or-
ganizations and national agencies using different data processing tech-
niques. The worldwide collaboration SuperMAG (Gijerloev, 2009, 2012)
provides data of ground magnetic field perturbations from nearly 600
magnetometers with a common data processing routine. Due to the
easy data access and common data processing, we use SuperMAG data
with 1 minute time resolution in Paper IV to determine the scale size
of a disturbance in the ionosphere caused by a disturbance in the mag-
netosphere. SuperMAG data is given a local coordinate system with
components By, Bg, and Bz. With the N-component oriented toward
local magnetic north, the E-component toward local magnetic east, and
the Z-component is vertically down.

5.5.2 All-sky cameras

All-sky cameras are cameras that continuously take images of the night
sky. They can be used to detect auroral display. While all-sky cameras
generally do not measure a physical value (like the brightness of the
auroral display which can be measured with photometers), they can
be used to identify auroral display and track the motion of auroral
structures. In Paper IV we examined changes in auroral display using
an all-sky camera in conjunction with disturbances in the magnetic field
associated with wave activity. In particular, we used the all-sky camera
at the Kjell Henriksen Observatory on Svalbard (location in geographic
coordinates: 78.148°N, 16.043°E, 520 m altitude).

5.5.3 Radars

Radars can be used to infer different plasma properties in the iono-
sphere, such as the electron density or line-of-sight flow velocity. Which
properties can be measured depends on the radar type, and in partic-
ular the operating frequency. In Paper IV, we use data from both an
incoherent scatter radar on Svalbard, EISCAT (Wannberg et al., 1997),
and a coherent scatter radar, SuperDARN (Greenwald et al., 1995). The
general working principle is the same for types: A radar consists of a
transmitter, sending out electromagnetic waves and a receiver measur-
ing the incoming power from a electromagnetic wave. The transmitter
and the receiver can be the same antenna or two different ones. The
basic idea behind a radar is that an electromagnetic wave is send out
toward the ionosphere. In the ionosphere, certain plasma structures can
scatter the transmitted wave, sending a small portion of the energy in
the incoming wave in the direction of the receiver antenna. The signal
is scattered when the Brag condition

2dsin® = nA;, (5.2)
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is satisfied, with the scale length of the plasma density irregularities d,
the angle of incidence 6, the diffraction index n, and the wavelength of
the radar A;. The receiver then measures the properties of the incom-
ing electromagnetic wave. The difference between an incoherent and a
coherent scatter radar are the size of the plasma density irregularities
they scatter on.

SuperDARN

The Super Dual Auroral Radar Network (SuperDARN) is an interna-
tional network of coherent scatter radars (Greenwald et al., 1995) oper-
ating at frequencies between 8 —20 MHz. Coherent scatter radars scatter
the signal from electron density fluctuations with scale sizes of several
meters. Each radar can be used to estimate the line-of-sight drift ve-
locity of the ionospheric plasma based on the Doppler shift of the re-
ceived signal. Combining measurements from multiple radars allows
the construction of convection maps at auroral latitudes, showing the
ionospheric plasma convection.

In paper IV we use SuperDARN data to get an estimate of the electric
field disturbance E in the ionosphere using that the drift velocity vq ~
E x B.

EISCAT

The European incoherent scatter (EISCAT) Svalbard radar (Wannberg
et al., 1997) operates at 500 MHz and can infer electron density, the
ion drift velocity, as well as electron and ion temperatures. Incoherent
scatter radars scatter at smaller density fluctuations compared to inco-
herent scatter radars with length of less than a meter, hence the larger
operating frequency.

In paper IV we use the EISCAT radar together with NRLMSIS atmo-
spheric model (Picone et al., 2002) for an estimate of the height integ-
rated ionospheric Pedersen conductivity.
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6.1 NUMERICAL MODELS IN SPACE PLASMAS

In addition to spacecraft measurements, numerical models are frequently
used to advance our understanding of plasma environments due to the
complexity of interaction between the incident plasma and the body it-
self. Using simulations based on these numerical models has the advant-
age that the input parameters can be controlled and can provide a 2D or
3D view of a phenomena. Ideally, one would like to simulate all particle
species using realistic masses and scales, however this is computation-
ally not possible. Therefore, different modeling approaches, including
magnetohydrodynamic (MHD) models, test particle simulations, kin-
etic particle-in-cell (PIC) models, Vlasov models, and hybrid models,
have been developed (e.g. Biichner, 2005; Lapenta, 2016; Ledvina et al.,
2008). Each model has its own set of assumption, advantages, and dis-
advantages. Which model should be chosen depends therefore on the
phenomena of interest and in particular its scale size.

6.1.1 MHD models

MHD models describe the plasma as a conducting fluid, most com-
monly a single fluid approach is used, but there are even multi-fluid
MHD models. The basis of MHD models are the fluid equations de-
scribing the conservation of mass, momentum, and energy expanded
by the induction equation describing how electromagnetic forces act on
the fluid. MHD models reproduce large scale plasma flows and are of
use when the individual particle motion is not of interest. The simplest
MHD model, the ideal MHD model, describes the plasma as a single,
conducting fluid and the evolution of the magnetic field B is described
by the magnetic induction equation, 0B/dt = V x (v x B), where v is
the plasma velocity. Expansions of the ideal MHD model, include multi-
species or multi-fluid approaches or additional terms in the induction
equation, in particular, Hall- and resistive terms. MHD models have
been frequently used to study the global interaction between the solar
wind and the Earth magnetic field (Wang et al., 2013). Due to the lack of
ion kinetics, MHD models cannot self-consistently reproduce mesoscale
feature such as the foreshock and magnetosheath jets.
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6.1.2  Test particle models

Test-particle simulations incorporate limited kinetic effects by follow-
ing the trajectories of individual particles (electrons or ions) through
electromagnetic background fields. These background fields are typ-
ically obtained either from another simulation, for example, a global
MHD or hybrid simulation, or from an analytical solution. Each test
particle is treated independently, and its motion is governed by the
electromagnetic forces acting upon it. There is no feedback from the
test particles to the background fields, nor any interaction among the
test particles themselves. Test-particle simulations are therefore most
appropriate when the influence of particle motion on the background
fields is negligible and when wave—particle interactions can be ignored.

6.1.3 Kinetic models

Fully kinetic models are generally implemented either as particle-in-cell
(PIC) simulations or as Vlasov simulations. PIC models represent both
electrons and ions as macro-particles, where each macro-particle cor-
responds to a cloud of physical particles with realistic properties. The
motion of these macro-particles is governed by electromagnetic forces,
while the electromagnetic fields are advanced using Maxwell’s equa-
tions together with the charge and current densities derived from the
particle distribution. Vlasov models, in contrast, evolve the full phase-space
distribution function directly in time while simultaneously solving Max-
well’s equations. Because fully kinetic models include electron-scale
physics, the smallest electron spatial and temporal scales dictate the
required grid resolution and time step. This results in high computa-
tional costs, making it infeasible with current computing capabilities to
simulate the Earth-solar-wind interaction at realistic scales using fully
kinetic approaches.

6.1.4 Hybrid-kinetic models

A compromise between MHD models and fully kinetic models are
hybrid models. In these models, ion dynamics are treated kinetically,
while electrons are modeled as a massless, charge-neutralizing fluid.
Hybrid models therefore capture ion-scale kinetic physics while still
evolving the electromagnetic fields self-consistently. Their computational
cost lies between that of MHD and fully kinetic simulations, and recent
increases in computing power have made it possible to model Earth’s
plasma environment in full 3D using hybrid-PIC approaches (Fatemi
et al., 2024b; Guo et al., 2025) as well as hybrid-Vlasov models (Von
Alfthan et al., 2014). Since the formation of jets is linked to ion-kinetics
in the foreshock and bow shock regions, MHD models cannot generate
jets self-consistently, but hybrid models are required at a minimum. In
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the following section, the hybrid model Amitis (Fatemi et al., 2017) is in-
troduced which is used in Paper II and III to investigate magnetosheath
jets through simulations.

6.2 THE HYBRID MODEL AMITIS

Amitis (Fatemi et al., 2017) is a GPU-based, hybrid kinetic plasma model.
The upgraded version of the model can run on multiple GPUs in par-
allel (Fatemi et al., 2022) and has been successfully applied to model
the near-Earth plasma environment (Fatemi et al.,, 2024b). In Amitis,
ions are modeled as macro-particles while electrons are a massless,
charge-neutralizing fluid. The model is grid-based and three dimen-
sional in both configuration space and velocity. The model is also time-
dependent, which means the input parameters can be changed at the
inflow boundary representing a change in the solar wind.

6.2.1 Model Equations

The following equations and approximations apply to hybrid-PIC mod-
els in general (Ledvina et al., 2008), but we in particular focus on the
implementation in Amitis (Fatemi et al., 2017).

The first assumption is charge neutrality which is valid on scales
larger than the Debye length Ap. This implies a minimum size for the
simulation grid which needs to be larger than Ap. The total charge
density p fulfills

p=petpr=0, (6.1)

where pe is the electron charge density, and pj the total ion charge
density defined as

N
pr=> pi, (6.2)
i=1

where p; denotes the charge density for an individual ion species and
N is the number of ion species.

Amitis uses the Darwin approximation which means that the trans-
verse displacement current is neglected in Ampere’s law, Equation (2.17),
so it reduces to

7V><B
wo

J

(6.3)

where B is the magnetic field, J the current density, and g the vacuum
permeability. The electron current density J. can be calculated using

Je=T—T1 6.4)
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where J; is the total ion current densities which fulfills

N N
Ji=) ji=)_ dinvi (6.5)
iz1 iz

J1 can be calculated from the particle distribution in the model itself.
The Darwin approximation removes relativistic phenomena and light
waves from the simulation.

The momentum equation for massless (m. = 0) electrons is used to

get an expression for Ohm’s law (Equation (2.13) without the % term)
JixB (VxB),B_VP.
P1 Ho

+ Vv xB, (6.6)
oL P Ho

E=

where 1 is the resistivity and P. is the electron pressure tensor.

In Amitis the electron pressure Pe = neky Te is assumed to be adia-
batic, the electron pressure is therefore related to the charge density by
Pe ~ |pelY with vy the adiabatic index.

The magnetic field is advanced in time using Faraday’s law

0B
T -~V x E, (6.7)

with E obtained from Equation (6.6).
The position and velocities of macro-particles (representing ions) with
charge q; and mass m; are updated using the equation of motions

dl”i

— v, 6.8
at Vi (6.8)
dvi  qi )
i om (E4+v; x B). (6.9)

The model does explicitly solve for the electron fluid, but the as-
sumption of massless electrons enters the model equation through mo-
mentum equation for massless electrons that is used to get an expres-
sion for the electric field, Equation (6.6).

6.2.2  Simulation of near-Earth plasma environment

This section describes the simulation set up that was used for Paper
IT and Paper III. More details on the Amitis simulation applied to the
Earth plasma environment can be found in Fatemi et al. (2024b).

Coordinate system

Generally, different coordinate systems can be used in hybrid simula-
tions, the Amitis models employs a cartesian coordinate system with
Earth at its origin. The +x-axis points towards the Sun, the +z-axis
points toward the northern magnetic dipole, and +y-axis completes the
right-handed coordinate system. The coordinate system is indicated in
the bottom right corner of Figure 6.1.
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Figure 6.1: Snapshot showing the magnetic field from an Amitis simulation run
with an almost radial IMFE. The streamlines represent magnetic field
lines projected onto the xy- and xz-planes, respectively. The white
sphere at the center represents the inner conducting boundary, while
the smaller blue sphere represents Earth. This snapshot does not
show the entire simulation domain, but rather a close-up of the
near-Earth plasma environment. Add coordinate grid?

Simulation domain and grid size

The dimensions of the simulations domain vary slightly between dif-
ferent simulation runs. Check the exact simulation domains and put
them in a table. Generally, the inflow boundary is at x =~ +53 Rg, where
1Rg = 6371km is the radius of Earth. At the inflow boundary macro-
particles are continuously injected into the simulation domain. The out-
flow boundary at x ~ —20Rg is a perfect plasma absorber where all
particles are removed. The boundaries at (y,z) ~+55Rg are periodic
boundaries such that the electromagnetic fields and particles are moved
from one side to the other side of the simulation domain. In addition,
the inner boundary of the magnetosphere is modeled as a conducting
sphere with a radius of 30000 km (~ 4.7 Rg) centered at the origin. This
inner boundary is also a perfect plasma observer where particles are re-
moved from the simulation domain. To lower the computational cost of
simulation runs, the inner boundary is set larger than the actual Earth
radius. Figure 6.1 shows the size of the inner conducting boundary
(white, transparent sphere in the center) in comparison to Earth’s size
(smaller blue sphere in the center). Since the model is not used to study
the inner magnetosphere, but the main focus is the magnetosheath, a
model for the atmosphere and ionosphere are also not included in the
simulation.

The simulation domain is discretized using a Cartesian grid with
cubic cells of size 500 km (= 0.78 Rg).
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6.2.2.1  Simulation design

The properties of the electromagnetic field and the macro-particles at
the inflow boundary represent the solar wind conditions. In the sim-
ulation runs used in Paper II and III, only solar wind protons were
modeled, neglecting heavier solar wind ions for simplicity since the
majority of solar wind ions are protons (Russell, Luhmann et al., 2016).

We aimed to model "typical’ solar wind conditions near Earth (Ma
et al., 2020) setting the solar wind speed to 400 km/s, density to 7cm 3,
and the temperature to 10eV in each direction. The magnetic field mag-
nitude is to 5nT. The direction of the IMF was varied for different sim-
ulation runs. We used runs where the IMF was almost radial, forming a
15° angle with the Sun-Earth line, and runs with the IMF perpendicular
to the Sun-Earth line. This allows us to study the interaction with and
without a foreshock in the foreshock in the subsolar region.

To model the near-Earth plasma environment a realistic scales, the
Earth’s magnetic field needs to represented at realistic scales. Therefore,
a dipole magnetic moment M = 8.22 x 1022 Am? (Walt, 1994) was used
in the simulation runs. Higher order moments of the Earth’s magnetic
field are not included.

Time step size

The maximum time step between two simulation time steps is determ-
ined by the Courant-Friedrichs-Lewy (CFL) condition (Courant et al.,
1928). For eq. (6.7) without the Ohmic term NV x B/pg) the CFL con-
dition is

wq [Ah\?
At<—9<—) i 6.10
3 \va (6.10)

where wy is the gyro frequency, and v is the Alfvén speed, Ah is the
length of grid cell. The CFL condition needs to be met to ensure accur-
ate propagation of the electromagnetic fields according the Faraday’s
and Ohm’s law. Including the resistive term in the electric field (eq. (6.6))
would require a much smaller time steps which is computationally
expensive. To avoid using smaller time steps, the Amitis model uses
an explicit-implicit scheme, where the electric field without the Ohmic
term is solved explicitly and the Ohmic term is solved implicitly. Ex-
plicit schemes calculate the state of the simulation of a later time only
by using the current state. While implicit schemes solve an equation
from the current and future states *. The implicit scheme allows for
larger time steps for the Ohmic term and the simulation time steps is
therefore determined by the CFL condition (eq. (6.10)) for the explicit
scheme.

Implicit schemes are more difficult to implement and computationally more expensive. Due
to the simplicity of explicit schemes, they are easier to implement and therefore commonly
used.
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Remarks on the ion scale length

Modeling the interaction between the solar wind and Earth’s magnetic
field using a hybrid model is computationally expensive, even when
employing GPUs. Therefore, hybrid simulations of the near-Earth plasma
environment have often used a reduced Earth magnetic dipole moment
or fewer spatial dimensions (e.g., Omelchenko et al., 2021; Palmroth
et al., 2020). A reduced dipole moment results in a scaled near Earth
plasma environment, such that the relative size of different phenom-
ena are not realistic, for example the size of jets is different relative to
the size of the magnetosheath. Fewer spatial dimension comes at the
cost of not being able to simulate the 3D structure of magnetosheath
jets which has been shown to be highly interconnected and dynamic
(Fatemi et al., 2024b; Guo et al., 2025). Alternatively, a larger simula-
tion cell size can be used, as was done in the Amitis simulation run
described in Papers II and III. In general, hybrid models require the
simulation grid size Ah to be at least an order of magnitude larger than
the electron inertial length 8¢ = c/wpe, where c is the speed of light
and wpe is the electron plasma frequency (Ledvina et al., 2008). Using
the ratio 8;/0e = \/mi/me ~ 43, this implies that the grid size should
satisfy AL > 1008, = 106;/43 ~ 0.255;.

However, in our simulation runs we instead use AL = 500km =~
5.85;. This choice is motivated by the findings of Téth et al. (2017),
who showed that as long as the global scales and the ion inertial scale
remain well separated in hybrid simulations, the global solution is
not sensitive to the exact value of the ion inertial length. In particu-
lar, ion-inertial-scale dynamics are shifted to larger spatial scales, while
intermediate-scale features, those several ion inertial lengths across, still
grow in a self-similar manner. Since our interest lies primarily in jets
which typically have scale sizes larger than 0.1 Rg, we do not expect
any issues arising from the increased cell size. Furthermore, we focus
on global dynamics arising from magnetosheath jets rather than the
internal structure of jets.

Simulation output

While the simulation advances with a time step of 8 ms, the output is
written only every few seconds to reduce disk space usage. The sim-
ulation output consists of grid-defined quantities as well as positions
and velocities of macro-particles. The grid-defined quantities include
the electric field, magnetic field, ion current density, and charge density.
From these, additional parameters such as number density and bulk
velocity can be derived. Figure 6.2 shows the magnetic field, plasma
density, bulk speed, and current density for a simulation run with a
quasi-radial IMF at 18:32.

The plasma temperature or thermal velocity is not part of the simu-
lation output, as it is not included in the model equations. In Paper 1I,
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Figure 6.2: Example output from Amitis simulation at time step 18:32 for an
simulation run with quasi-radial IMF. The magnetic field strength
|B|, plasma density n, bulk speed |v|, and components of the current
density j are shown in the z = 0-plane (upper row) and y = O-plane
(lower row). Make plot with larger fontsize? Write bulk speed instead
of bulk velocity?

we investigated the energy input of jets into the magnetosheath. Estim-
ating the thermal energy requires a temperature or thermal velocity, so
we used the particle energy

1 N
Ep = EmZviz
i=0
1 N
= im;)(<v>f<v>+vi)2

1T 1T
_ 2 2
_imz v +§m'§ (vi— (V)
i=0 i=0
= Exin + Etn/

where N is the number of particles in a volume, v; is the velocity of the
i-th particle, and (v) = % > ;i Vi is the bulk velocity. This calculation re-
quires access to the individual particle velocities rather than grid-based
quantities. Since the Amitis model uses an interpolation scheme to as-
sign a fraction of a macro particles charge to its neighboring cells, we
recalculated the bulk velocities and densities directly from the particle
positions and only assigned each macro-particle to its nearest simula-
tion center.



SUMMARY OF PAPERS

In this section we provide a summary of the appended papers.

7.1 PAPER I: WAVES IN MAGNETOSHEATH JETS—CLASSIFICATION
AND THE SEARCH FOR GENERATION MECHANISMS USING MMS
BURST MODE DATA

Paper I (Krdamer et al., 2023) investigates wave activity inside and around
three magnetosheath jets using MMS burst-mode data. The use of burst
mode data allows us to resolve higher-frequency wave modes com-
pared to previous studies of jet-associated wave activity (Gunell et al.,
2014; Karlsson et al., 2018). We identify several wave types: 1 Hz waves,
whistler waves, electron acoustic waves, waves near the lower hybrid
frequency, electrostatic solitary waves, and 0.2 Hz waves. Electron acous-
tic waves contribute significantly to broadband electrostatic noise, whereas
electrostatic solitary waves play only a minor role. Our observations of
whistler waves, lower hybrid waves, and 0.2 Hz waves are consistent
with previous reports of waves in jets (Gunell et al., 2014; Karlsson et
al., 2018).

Electrostatic solitary waves, electron acoustic waves, and whistler-
mode waves exhibit properties expected from linear theory in a homo-
geneous plasma. In contrast, the 0.2Hz, 1Hz, and lower hybrid waves
deviate from these assumptions, showing characteristics of multiple dif-
ferent wave modes.

Finally, we examine possible generation mechanisms. The 1 Hz waves
likely arise from magnetic field and density gradients. Whistler waves
appear to be driven by butterfly-shaped pitch-angle distributions, while
electron acoustic waves are associated with cold electron populations.
For the remaining described waves, we could not identify the source
due to instrumental limitations.

Contributions: I performed the data analysis of the MMS data, and
wrote the paper with the comments and edits by the co-authors.

7.2 PAPER II: ON THE KINETIC ENERGY INPUT OF MAGNETOSHEATH
JETS INTO THE MAGNETOSHEATH

Paper II (Krdamer, Fatemi et al., 2025) investigates the energy exchange
between jets and the surrounding magnetosheath plasma. For this ana-
lysis, we employ the 3D hybrid-kinetic model Amitis at realistic scales.
Using the simulation, we define a volume within the magnetosheath
with a well-defined surface normal vectors. Our study focuses on two

47



48

SUMMARY OF PAPERS

simulation runs: one with an almost radial IMF and another with the
IMF oriented along the z-axis.

In the radial IMF simulation run, jets occupy up to 21% of the volume
and account for nearly half of the kinetic energy in the subsolar mag-
netosheath. This indicates that jets carry a significant amount of mass,
energy, and momentum in the quasi-parallel magnetosheath. In con-
trast, in the simulation run where the IMF is aligned along z, their con-
tribution becomes negligible, and jets are confined to regions near the
bow shock. Consequently, jets play a minor role in the quasi-perpendicular
magnetosheath.

We further compute particle and energy fluxes across the surface of
the selected volume. Our results show that jets partly degenerate as
they propagate through the magnetosheath. They also transport excess
energy into the magnetosheath, primarily contributing to plasma heat-
ing in the quasi-radial IMF simulation run. Finally, we discuss the in-
fluence of jet detection criteria: relying on a single velocity component
rather than total speed skews the energy input due to the deflection of
jets around the planet.

Contributions: I organized the study, performed the data analysis,
and wrote the paper with the comments and edits by the co-authors.

7.3 PAPER III: MAGNETOSHEATH JET INTERACTION WITH THE MAG-
NETOPAUSE: RESULTS FROM THE 3D HYBRID-KINETIC SIMULA-
TION AMITIS

Paper III (Citation (hopefully accepted)!) investigates the interaction
between magnetosheath jets and the magnetopause using the global
three-dimensional hybrid kinetic simulation Amitis. Because the posi-
tion of the magnetopause is determined by pressure balance between
the solar wind dynamic pressure and Earth’s magnetic field, transi-
ent pressure enhancements in the magnetosheath can cause localized
magnetopause displacements. Spacecraft observations have shown such
transient magnetopause motions associated with jet impacts, however,
resolving the full spatial and temporal interaction is challenging due
to the limited number of simultaneous observation points. To overcome
these limitations, we employ a global 3D simulation to examine the spa-
tial and temporal evolution of jets interacting with the magnetopause.

Our results show that jets downstream of the quasi-parallel bow
shock can excite magnetopause surface waves and continuously drive
their propagation, see also figure 7.1. An interesting aspect of this in-
teraction is that the bulk velocity of ions within a jet differs from the
apparent motion of the jet itself. We interpret this behavior as evidence
for continuous jet generation at the bow shock, potentially driven by
foreshock compressive structures. In addition, we find indications that
jets can potentially trigger the development of Kelvin-Helmholtz vor-
tices at the magnetopause.
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Figure 7.1: Crop figure and only show part? Add citation. Results from the
Amitis simulation showing the interaction between jets and the mag-
netopause at different time steps indicated at the top each panel.
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A: Jet 1 B: Jet 2

Figure 7.2: Estimated footpoint of the jet impacts at the magnetopause as red
cross. Magnetometer stations that were affected by the jet impact
indicated by white and yellow markers. Figure reproduced from
Kramer, Hamrin, Gunell et al. (2025), licensed under CC BY 4.0.

7.4 PAPER IV: MAGNETOSHEATH JET-TRIGGERED ULF WAVES: EN-
ERGY DEPOSITION IN THE IONOSPHERE

Paper IV (Kramer, Hamrin, Gunell et al., 2025) presents a case study
in which we investigate energy deposition in the ionosphere caused
by jet-triggered ULF waves. When jets impact the magnetopause, they
can locally excite ULF waves that couple to field-aligned Alfvén waves
propagating into the ionosphere, thereby transporting energy down-
ward. In the ionosphere, these waves produce localized magnetic field
disturbances that can be detected by ground-based magnetometers, see
figure 7.2. We estimated the ionospheric energy deposition for two jets
observed by the MMS spacecraft on 2016-01-07.

To estimate the energy deposition in the ionosphere, we assumed that
the incoming Poynting flux is dissipated through Joule heating. By com-
bining electric field measurements from SuperDARN with estimates of
the height-integrated Pedersen conductivity obtained from the EISCAT
radar, we approximated the average Joule heating rate to 0.38 mW/m
for the two jet-events. This estimate is comparable to the Joule heating
rate of field line resonances. Using ground-based magnetometer data
to estimated the affected area, we concluded that the average energy
input per jet impact was 9 - 1070 ]. Even under favorable solar wind con-
ditions, when several jets can impact the magnetopause per hour, we
find that the total energy deposition in the ionosphere due to jets is
small compared to other magnetospheric processes, primarily because
of the limited ground area affected.

Contribution: I organized the study, performed the data analysis,
and wrote the paper with the comments and edits by the co-authors.
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7.5 PAPER V: JETS DOWNSTREAM OF THE MARTIAN BOW SHOCK —
OCCURRENCE IN THE 2014—2024 PERIOD

Paper V (Mohammed-Amin et al., 2025) presents the first statistical
study of jets downstream of the Martian bow shock. Our jet database,
compiled from ten years of MAVEN observations, contains a total of
82645 events. On average, the dynamic pressure increases by a factor
of 2.34. We find that most jets are driven by both density and velocity
enhancements, with the density contribution being dominant. Similar
to jets at Earth, the majority of Martian magnetosheath jets are located
near the bow shock and tend to be colder and more isotropic than the
surrounding plasma. Additionally, these jets often exhibit an increase
in magnetic field strength.

However, notable differences exist compared to jets in the terrestrial
magnetosheath. Jets in the Martian magnetosheath are more strongly
deflected relative to the ambient plasma and are generally smaller, with
a median scale size of 0.67 Ry;. Nevertheless, when compared to the
overall size of the Martian magnetosphere, these jets are relatively lar-
ger than their terrestrial counterparts.

Contributions: I wrote half the paper and contributed to the planning
of the study.

76 PAPER VI: MAGNETOSPHERIC VENUS SPACE EXPLORERS (MVSE)
MISSION: A PROPOSAL FOR UNDERSTANDING THE DYNAMICS
OF INDUCED MAGNETOSPHERES.

Paper VI (Albers et al., 2024) presents the Magnetospheric Venus Space
Explorers (MVSE) mission concept, which aims to investigate the dy-
namics of induced magnetospheres. Induced magnetospheres develop
around unmagnetized bodies with atmospheres. Those induced mag-
netospheres are highly variable plasma environments whose state strongly
depends on solar wind conditions. Previous and ongoing missions to
bodies with induced magnetospheres have largely relied on single-point
measurement, making it difficult to establish a direct casual link between
varying solar wind conditions and the magnetospheric response. In par-
ticular also variations due to extreme solar events. The magnetospheric
system of Venus is the most prominent example of an induced magneto-
sphere in the solar system and is therefore an ideal target for studying
the spatial and temporal variability of a Venusian plasma environment.
We present the mission’s scientific questions and the corresponding
scientific requirements, from which the mission requirements are de-
rived. The proposed scientific payload enables measurements of mag-
netic and electric fields as well as ion and electron distributions. We
further describe the mission timeline and the orbital configuration of
each spacecraft. The mission comprises three identical scientific space-
craft and one transfer module, the latter also serves as the communic-
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6R, L3R, 6R,

Figure 7.3: Orbits for the three science spacecraft and communication vehicle for
the proposed MVSE mission. Reproduced from Albers et al. (2024),
licensed under CC BY 4.0.

ations relay. The orbits are designed such that one spacecraft monitors
the upstream solar wind while two spacecraft perform in situ measure-
ments within the Venusian plasma environment. The proposed orbits
for the spacecraft are depicted in figure 7.3. We also outline the space-
craft design driven by the mass, power, and communication budgets.

This mission concept was developed during the Alpbach Summer
School 2022 by Team Yellow and was further refined during the Post
Alpbach Summer School event.

Contributions: As a part of Team Yellow during the Alpbach Sum-
mer School 2022, I helped to develop the mission concept, in particular
by contributing the the scientific goals and requirements of the mission.
During the Post Alpbach Summer School event I was responsible for the
scientific payload. I also contributed by writing and editing Sections 1-3
of the paper.



OUTLOOK

This thesis has shown that magnetosheath jets evolve significantly as
they propagate, act as drivers of magnetopause dynamics, and occur
across different planetary environments.

We investigated the propagation of magnetosheath jets from two com-
plementary perspectives: global three-dimensional simulations and local,
high time-resolution spacecraft observations. The global hybrid-kinetic
simulations show that jets gradually disintegrate as they traverse the
magnetosheath, indicating that their excess kinetic energy is conver-
ted into thermal energy. However, these simulations do not directly re-
veal the mechanisms responsible for this energy conversion. To gain in-
sight into the underlying processes, we turn to spacecraft observations.
These observations reveal enhanced wave activity both within and the
vicinity of jets. In particular, low-frequency electromagnetic waves may
play an important role in redistributing jet energy, potentially radiating
away excess kinetic energy on timescales comparable to the jet transit
time through the magnetosheath (Karlsson et al., 2018). However, it
remains unclear whether and how these waves contribute to plasma
heating, and which specific instabilities are responsible for their gen-
eration. Identifying the source of these waves is challenging because
the plasma within and around jets is far from equilibrium, for example
density gradients (Kramer et al., 2023), velocity shears (Plaschke and
Hietala, 2018), or non-Maxwellian velocity distribution functions (e.g.
Blanco-Cano et al., 2020; Raptis, Karlsson, Vaivads, Lindberg et al., 2022;
Roberts et al., 2025) can be present. While multi-spacecraft observations,
such as those from the MMS mission (Burch et al., 2016), enable the es-
timation of local gradients, they are inherently limited by spacecraft sep-
arations that are small compared to typical jet scales assuming linearity
and stationary processes. However, jets are non-stationary and while
their volume is closer to fluid scales, energy conversion are caused by
wave-particle interaction at ion or electron scales. To overcome this lim-
itations the mission concept Plasma Observatory (Retino et al., 2022)
aims to probe plasma processes on scales comparable to those of jets
and simultaneous probing smaller scales. Beyond identifying specific
wave modes, a more general approach to quantifying energy conver-
sion is provided by the pressure-strain method, which directly quan-
tifies the transfer between bulk flow energy and thermal energy. This
method assess whether heating arises primarily from plasma compres-
sion or from incompressible processes. Applying such method to both
spacecraft observations and global simulations can connect local dis-
sipation mechanisms with the large-scale evolution of jets. Overall, jet
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evolution connects to the broader question of how energy injected at
collisionless shocks is redistributed and dissipated in space plasmas.

As jets move across the magnetopause they disintegrate, yet some jets
still reach the boundary. Upon impact, these jets can locally displace
the magnetopause due to their enhanced dynamic pressure on the mag-
netosheath side. However, our results suggest that the jet-magnetopause
interaction is not typically governed by isolated, “bullet-like” impacts.
Instead, it is dominated by continuous jet formation at the bow shock,
which drives a sustained perturbation of the magnetopause. Through
this interaction, jets can also generate ultra-low frequency (ULF) waves,
in particular Pc5 waves, within the magnetosphere (Norenius et al.,
2021; Wang et al.,, 2022). These waves are known to transport energy
and momentum through the magnetospheric system and input energy
into the ionosphere. Despite the large amplitude of jet-triggered waves,
our results indicate that jet-driven Pc5 waves are not a dominant source
of energy input into the ionosphere. However, their impact cannot be
fully assessed by ionospheric effects alone. Pc5 waves play an import-
ant role within the magnetosphere itself, for example by accelerating
electrons through drift resonance (Koskinen et al., 2022). This raises the
question of whether jet-driven disturbances at the magnetopause can
propagate to sufficient amplitudes deeper within the magnetosphere
to influence radiation belt dynamics and modulate particle fluxes. Ad-
dressing this question requires coordinated observations between space-
craft in the magnetosheath and those probing the inner magnetosphere,
such as the Van Allen Probes (Mauk et al., 2013) and the Arase satel-
lite (Miyoshi et al., 2018). Furthermore, our results suggest that mag-
netosheath jets should be viewed not only as localized pressure en-
hancements but as a driver of large-scale boundary dynamics. Under-
standing how such boundary-driven disturbances propagate and inter-
act with internal magnetospheric processes remains a key challenge for
quantifying their role in the global system. In summary, this highlights
the role of localized structures in mediating the coupling between the
solar wind and the magnetosphere.

Finally, extending the study of magnetosheath jets beyond Earth to
other plasma environments contributes to a more universal understand-
ing of their formation and effects. Although jets have only recently been
investigated in other plasma environments (Krdamer et al., 2024), they
provide a valuable insights of bow shock dynamics across different en-
vironments. Observational datasets are limited, and instrumental limit-
ations pose challenges for jet detection. However, upcoming missions
such as BepiColombo at Mercury (Benkhoff et al., 2021) may provide
new opportunities for observational validation. In parallel, numerical
models such as Amitis, which have already been applied to Mercury,
Mars, and cometary environments (e.g. Fatemi et al., 2020; Gunell et al.,
2024; Moeslinger et al., 2024; Moeslinger et al., 2025; Nesbit-Ostman,
2025; Shi et al., 2025; Wang et al., 2024), can be extended to investigate
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jet formation and evolution in different environments. Such compar-
ative studies may reveal how jets form across different planetary sys-
tems and interact with induced magnetospheres and magnetospheres
of different scale size and may therefore provide insight into universal
processes governing collisionless plasma interactions.

Taken together, these directions highlight the importance of combin-
ing multi-scale observations, global simulations, and cross-environment
comparisons to achieve a comprehensive understanding of magnetosheath
jets and their role in plasma systems. Ultimately, magnetosheath jets
contribute to the transfer and dissipation of energy across scales and
plasma boundaries, a fundamental problem in space and astrophysical
plasmas.
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