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Abstract

Magnetosheath high-speed jets are transient and localized dynamic pressure
enhancements downstream of Earth’s bow shock. Their formation has been
associated with several mechanisms, including solar transient events and the
dynamical evolution of the bow shock. After their formation, jets interact
with the background magnetosheath population, exciting various waves and
accelerating particles. When they reach the magnetosphere, they can pene-
trate the magnetopause, drive surface waves, and cause magnetopause recon-
nection. Their effects to the inner geospace environment can be seen through
substorm activity and ground magnetometer measurements. In this thesis,
a series of papers on the formation, evolution and statistical properties of
jets is presented. Most of the work is done using NASA’s Magnetosphere
Multiscale (MMS) mission, while other missions like THEMIS and upstream
solar wind monitors (e.g., ACE and Wind) are also used. For our analysis, we
also make complementary use of neural networks and computer simulations.
Our investigation initially showed the importance of classifying jets based
on the shock orientation and interplanetary magnetic field (IMF), resulting
in an open-access database of magnetosheath jets using MMS. This dataset
was then used to derive statistical properties for each class of magnetosheath
jets (Paper I). The jets were also classified using neural networks (Paper II),
while a comparison between their statistical properties and computer simu-
lated jets was performed (Paper III). Another aspect we investigated through
multi-point measurements is the excitation of waves due to the interaction
of jets with the magnetosheath (Paper IV). We then focused on the forma-
tion and evolution of jets close to the Earth’s bow shock. We showed direct
in-situ evidence that shock reformation and the evolution of upstream waves
can generate downstream high-speed jets (Paper V). By evaluating the prop-
erties of jets on a kinetic level, we demonstrated that jets exhibit complex
velocity distribution functions (VDFs) throughout their lifetime. Deriving
partial plasma moments to isolate the jet from the background population,
we revealed the limitations of studying these phenomena from a single-fluid
perspective and how the derived partial plasma moments are related to the
upstream solar wind and its foreshock structures (Paper VI).

Keywords: magnetosheath, solar wind, bow shock, plasma, collisionless shocks
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Sammanfattning

Plasmajetar i magnetoskiktet är transienta och lokaliserade förhöjningar av
det dynamiska trycket nedströms om jordens bogchock. Flera olika genera-
tionsmekanismer har föreslagits, t ex transienta strukturer i solvinden eller
dynamisk omformning av bogchocken. Efter att de har genererats vid bog-
chocken växelverkar de med bakgrundsplasmat i magnetoskiktet, där de ex-
citerar plasmav̊agor och accelererar partiklar. När de n̊ar magnetopausen kan
de korsa den, driva ytv̊agor, eller initiera magnetisk omkoppling. Plasmaje-
tars effekt p̊a rymdmiljön nära Jorden manifesterar sig genom substormar och
markbaserade mätningar av jordens magnetfält. Denna avhandling inneh̊aller
att antal artiklar om genereringen, utvecklingen och de statistiska egenska-
perna hos plasmajetar. Huvuddelen av arbetet är baserad p̊a mätningar fr̊an
NASAs MMS-satelliter, tillsammans med kompletterande data fr̊an andra sa-
tellitmissioner, som THEMIS och solavindsmonitorer (t ex ACE och Wind).
För dataanalysen använder vi ocks̊a neurala nätverk och plasmasimuleringar.
V̊ara första resultat visade p̊a vikten av att klassificera jetar baserat p̊a re-
lationen mellan bogchockens orientering och riktningen p̊a det interplanetära
magnetfältet. Denna klassificering resulterade i en offentligt tillgänglig data-
bas, inneh̊allande MMS-observationer av plasmajetar. Detta dataset användes
för att bestämma jetarnas statistiska egenskaper för de olika klasserna (Ar-
tikel I), vilket följdes upp med en klassificering baserade p̊a neurala nätverk
(Artikel II), vilket jämfördes med plasmasimuleringar (Artikel III). En yt-
terligare egenskap hos plasmajetar, excitation av plasmav̊agor, undersöktes
med flerpunktsmätningar (Artikel IV). Därefter fokuserade vi p̊a generering-
en och evolutionen av jetar nära jordens bogchock. Vi visar att direkta in
situ-mätningar tyder p̊a att dynamisk omformning av bogchocken och v̊agor
uppströms om den kan generera plasmajetar i magnetoskiktet (Artikel V).
Genom att studera jetars plasmakinetiska egenskaper visar vi ocks̊a att deras
distributionsfunktioner uppvisat ett komplext beteende under jetarnas livs-
tid. Beräkningar av partiella plasmamoment för att isolera jetarna fr̊an bak-
grundsplasmat visar p̊a begränsningarna i att betrakta dessa fenomen som
en enkel fluid, och hur momenten är relaterade till solvinden uppströms om
bogchocken (Artikel VI).
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Chapter 1

Introduction

The current consensus on the composition of the Universe shows that ordinary
matter is just a tiny fraction (roughly ∼ 5%) of the whole cosmos [Abdullah et al.,
2020]. The rest is filled with dark energy and dark matter. Understanding the origin
and properties of these exotic components of the Universe is fascinating, but most
of the information must be inferred indirectly via models or through theoretical
research. Ordinary matter, on the other hand, has been studied for hundreds of
years through direct local (in-situ) measurements. While most people are familiar
with the typical states of gas, liquid and solid, the Universe is dominated by a
more peculiar form, called plasma, which makes up around 99.9% of the observable
matter.

Plasma is a state where matter is fully or at least partially ionized, primarily in the
form of ions and electrons. The difference between an ionized gas and plasma, is
that plasma exhibits collective behavior. This means in practice that each charged
particle making up the plasma affect and is affected by the rest of the particles that
are far away from it. In an ionized gas, the dynamics of the particles are governed
by collisions. However, in plasma, it is the electromagnetic force that is in control.
Since the particles are charged, they are affected by the electromagnetic fields.
In turn, fields are generated and modified by the motion of particles, making the
plasma a state of constant ongoing interaction between a plethora of particles and
fields which results in collective behavior. Plasma can be found almost everywhere
in the Universe (see Figure 1.1). The Sun, like most stars, is essentially a hot ball
of plasma. The matter originating from stars forming the interstellar medium is
also in plasma state. As we approach the Earth, the aurora and even lightning
are typical examples of plasmas. Here at Earth, we do not usually find plasma
naturally, but in laboratories plasma can be formed. From lasers to accelerators
and from gas discharges to fusion reactors, plasma is regularly used to conduct
research and make brand new technological applications. In this work, however, we
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will focus on a specific environment where plasma can be found, the solar system.
Specifically, we will be talking about space plasma. This term typically includes the
plasmas found close to the Earth, other planetary environments, the Sun, and the
region in between. Another term typically used to enclose all these environments
is the term Heliophysics, which is the area of physics studying the Sun and its
connection with the solar system.

Figure 1.1: (a) The four states of matter, solid, liquid, gas, and plasma along with
some typical examples. (b) The range of densities and temperatures of plasmas
and of the rest of the ordinary matter. Notice that ordinary matter consists only
of a very small corner on the temperature-density diagram. Image courtesy of
Contemporary Physics Education Project (CPEP), http://FusEdWeb.llnl.gov/
CPEP.

In the center of our solar system, the Sun apart from light, emits charged particles,
due to the outward expansion of its corona, called the solar wind (SW). These
particles travel through the solar system and interact with the rest of the celestial
bodies. When the SW reaches Earth, it feels its magnetic field and forms a shock
wave, which we call the bow shock. The region downstream of the shock is called
the magnetosheath, the environment in which we observe the phenomenon that this
thesis is all about, the magnetosheath jets.

Magnetosheath jets are high-speed plasma flows consisting of localized and tran-
sient dynamic pressure (velocity and/or density) enhancements downstream of
Earth’s bow shock. Their formation has been associated with several mechanisms,
including solar transient phenomena and the dynamical evolution of the bow shock.
After forming at the bow shock, jets can excite different waves and accelerate par-
ticles. As they reach Earth’s magnetosphere, they can drive waves and modulate
the geospace environment. Approaching the Earth, jets have been associated with
substorms that can be the origin of the colorful phenomenon of the Aurora, directly
observable from the Earth’s surface via visible light.

http://FusEdWeb.llnl.gov/CPEP
http://FusEdWeb.llnl.gov/CPEP
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Although in this thesis we attempt to provide a brief background on the overall
magnetosheath jet research, our work is focused on tackling three questions:

1. How do jets form?

2. What are their typical properties, and how are these related to Earth’s bow
shock?

3. How do jets evolve, and how do they interact with the magnetosheath plasma?

The thesis consists of background information relevant to our work and of a sum-
mary of the six articles that are included. Apart from this introduction (Chapter 1),
the work consists of 8 additional chapters. In Chapter 2, we introduce some basic
space plasma physics concepts, focusing on different plasma descriptions and plasma
quantities that we used in our work. In Chapter 3, we describe Earth’s magneto-
spheric environment and focus more on the bow shock configuration and evolution.
Chapter 4 describes the objectives and instrumentation of the spacecraft missions
we used for in-situ measurements. In Chapter 5, we briefly introduce the notion
of computer simulations in plasmas and describe the Vlasiator model that we used
in parts of our work. Chapter 6 describes the different single and multi-spacecraft
data analysis techniques that were used throughout our research. Chapter 7 is a
short summary of the magnetosheath jet research done primarily before the start
of this thesis (i.e., prior to 2019). Chapter 8 summarises the six papers. Finally,
Chapter 9 consists of a discussion on the results and of an outlook regarding the
future research of magnetosheath jets.





Chapter 2

Space plasma physics

In the sections below, we provide basic information regarding the space plasma
environment while focusing on the different plasma descriptions and the quantities
typically used in space plasma research. Most of the information shown here can
be found in classic textbooks of general plasma (e.g., [Gurnett and Bhattacharjee,
2005,Chen, 2012,Fitzpatrick, 2014]) and space plasma (e.g., [Kivelson et al., 1995,
Treumann and Baumjohann, 1997, Baumjohann and Treumann, 2012]) physics,
where one can find substantially more details on the subject.

2.1 Plasma descriptions

The simplest way to describe a plasma is by investigating the motion of a single
charged particle (typically an ion or electron) under the influence of electromagnetic
fields. If we assume a charged (q) particle moving with a velocity (v) in electric
and magnetic fields, it will experience the Lorentz force:

FL = m
dv

dt
= q(E+ v×B) (2.1)

where m the mass, E the electric field, and B the magnetic field. As particles
experience the different forces and variable fields, they will initiate a set of move-
ments that can be obtained by solving the equation of motion. A typical result is
a motion called drift, to which the general form for a force F can be written as:

vF =
1

q

F×B

B2
(2.2)

5
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Before elaborating on the different drifts, the simplest motion occurs when a par-
ticle is under the influence of a constant magnetic field (E = 0). Then, the particle
will simply gyrate around a so-called guiding center. The frequency at which it gy-
rates is called the gyro/cyclotron frequency, and the radius of the gyration is called
the gyro/cyclotron/Larmor radius. Following the derivation of a typical textbook
(e.g., [Chen, 2012]) it is easy to show that ions gyrate clockwise (as viewed with
a magnetic field pointing toward the observer) and have a larger radius than elec-
trons that gyrate counterclockwise, resulting from their different mass and opposite
charge. Imposing more realistic fields, such as non-uniform and time varying E and
B, a series of different drifts, resulting in a complex particle trajectory can be ob-
served. A particularly interesting motion is occurring when we combine the motion
of particles along the magnetic field lines with the different drifts they experience. If
for example we assume a symmetric magnetic field geometry with maximum values
on each side and a minimum field in the middle, we obtain a magnetic bottle. This
configuration can effectively trap a particle between what we call mirror points and
make it undergo a bounce motion between the maximum magnetic field locations.
A summary of the most typically discussed motions is shown in Figure 2.1

The above description is relatively easy to comprehend, since it is based on classi-
cal physics (particles with a mass and a charge under the influence of a force that
has a closed mathematical form). Therefore, one could in principle solve that set
of equation for each particle and get a detailed description of the plasma behav-
ior. However, for such description we assume that the fields can be analytically
expressed which is not typically the case, and that the external field interaction is
stronger compared to the effect that the particles have on each other. As a result,
this description works fine in dilute plasmas (e.g., Earth’s radiation belts) with
strong external fields but is invalid when the fields are weak. Moreover, a typical
plasma may include up to 1020 particles per cubic meter (m3) and this means that
there are many particles interacting both with each other and with the surround-
ing fields. As a result, to model their collective behavior, one needs to change the
framework and describe the plasma with a rather coarse yet surprisingly effective
way. This can be done by assuming that plasma evolves as a conductive fluid.

One of the most widely used ways to describe a plasma is the magnetohydrodynam-
ics (MHD) description, in which plasma is treated as an electrically conductive fluid.
This description is valid when we treat spatial scales typically much larger than the
gyro-radius of ions and the Debye length, and time scales above the corresponding
ion gyro-period and plasma frequency. These conditions are set to guarantee that,
since we have a one-species description, the characteristic scales of the heaviest par-
ticles (in this case ions) are smaller than the variations observed in the phenomenon
we study. Since a plasma is conductive, apart from a fluid description, one has to
couple the evolution of electromagnetic fields through Maxwell’s equations, which
in differential form can be expressed as:
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Gyration of charged particles 𝐄𝐄 × 𝐁𝐁 drift

𝛁𝛁𝛁𝛁 drift Converging 𝐁𝐁 reflection

a b

c d

Figure 2.1: Particle motion under the influence of an electrostatic field. (a) Gy-
ration of an electron and an ion around a guiding center under the influence of a
uniform magnetostatic field. (b) Influence of E × B on an electron and an ion in
the presence of electrostatic field. Both particle drift in the same direction, but
due to their different mass, they have a different gyro-radius. (c) Influence of ∇B
on an electron and an ion in the presence of inhomogeneous magnetic field. Apart
from the different radius, due to their charge, particles drift in different directions.
(d) An ion getting reflected at a mirror point. The spiral motion is the result of
the decreasing radius originating from the magnetic field increase. All figures were
reproduced from [Baumjohann and Treumann, 2012].

∇ ·E =
ρ

ϵ0
(2.3)

∇ ·B = 0 (2.4)

∇×E = −∂B

∂t
(2.5)

∇×B = µ0

(
j+ ϵ0

∂E

∂t

)
(2.6)

where ρ is the charge density, ϵ0 is the vacuum permittivity, j is the current den-
sity, and µ0 is the vacuum magnetic permeability. Intuitively, one can think that
Maxwell’s equations show that, the change in the E is proportional to the charge
(2.3), there are no magnetic monopoles (2.4), the magnetic field variations produce
a rotational E and vice versa (2.5), and the rotation of B is produced by the time
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variation of an electric field and/or by a current density (2.6).

Then, the resulting MHD equations basically consist of three conservation laws.
The conservation of mass (continuity equation):

∂n

∂t
+∇ · (nv) = 0 (2.7)

the conservation of momentum (equation of motion):

∂(nmv)

∂t
+∇ · (nmvv) = −∇ ·P+ ρE+ j×B (2.8)

where the second term of the right-hand side (ρE) is neglected due to quasi-
neutrality, and the conservation of energy:

∂

∂t

[
nm

(
v2

2
+ w

)
+

B2

2µ0

]
= −∇ ·Q (2.9)

where w is the enthalpy density (sum of isotropic pressure and internal energy
density), and Q is the heat flux density vector.

Finally, to close the set of equations, an equation of state is needed, such as the
ideal gas law, and the Ohm’s law, which in its simplest form can be written as:

E+ v×B = 0. (2.10)

When a plasma satisfies such an expression for Ohm’s law, we say that it can be
modelled by ideal MHD. This ideal one-fluid description misses several elements of
plasma complexity (for example, a variety of waves and instabilities and scattering
effects). After all, several assumptions have to be made to arrive to this description.
As mentioned above, changes in the fields have to be smaller than the ion cyclotron
frequency and the spatial scales therefore have to be larger than that of the ion
gyro-radius. However, MHD can be very practical to get analytical expressions
on plenty of phenomena that are of interest when studying large-scale dynamics.
A direct consequence of MHD is the frozen-in condition, stating that the plasma
and the magnetic field are frozen-in together. Any kind of plasma motion should
therefore maintain the magnetic field line topology, and a breaking of that condition
means that MHD is not applicable in this environment anymore.
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Another direct application of MHD is to derive a set of equations aclled the jump
conditions. These are particularly useful to describe transition layers across two
different plasma regions, called discontinuities. From a macroscopic point of view,
using MHD, one can derive a set of relations which describe how different plasma
properties and fields change between a discontinuity. A series of additional as-
sumptions have to be made at this point. Specifically, that the plasma can be
treated as an 1D ideal state where the frozen-in condition is obeyed. Furthermore,
as usually done, if the pressure tensor is isotropic, one can then derive the following
Rankine-Hugoniot (RH) jump conditions:

n̂ · [nv] = 0 (2.11)

n̂ · [nmvv] + n̂

[
p+

B2

2µ0

]
− n̂ · [BB]

µ0
= 0 (2.12)

n̂× [v×B] = 0 (2.13)[
nmn̂ · v

{
u2

2
+ w +

1

nm

(
p+

B2

µ0

)}
− 1

µ0
(v ·B)n̂ ·B

]
= 0 (2.14)

n̂ · [B] = 0 (2.15)

where each quantity in brackets (i.e., [X]) denotes the jump of this quantity across
the boundary layer, and n̂ is a vector pointing along the normal of the discontinu-
ity. A particular family of discontinuities that we analyze in later chapters are the
collisionless shocks. At this point, following [Baumjohann and Treumann, 2012],
one can show that the RH relations along with the assumption of plasma behaving
like an ideal gas (equation of state) produce the jump conditions for the so-called
“fast” shocks, which describe how plasma gets compressed, thermalized and decel-
erated downstream of a fast-mode shock. A typical transition of a fast shock should
contain a series of associated observations, as illustrated in Figure 2.2

So far, we have described the collective behavior of a plasma by treating it as a fluid.
However, a more detailed description to model plasmas can be obtained through the
kinetic theory, in which ones studies plasma through the evolution of distribution
functions. These correspond to an ensemble-averaged phase space density (f).
From statistical mechanics of ideal gasses, we know that the dynamical evolution
of a distribution function can be modelled through the Boltzmann equation:

df

dt
≡ ∂f

∂t
+ v · ∇xf +

q

m
(E+ v×B) · ∇vf =

∂f

∂t

∣∣∣∣
c

(2.16)

where ∇x indicates differentiation with respect to the particle displacement and
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FS

SC

upstream downstream

a b FS

n

vn,vt

Ptot

T

B, Bt

Bn

upstream downstream

Figure 2.2: A fast shock transition. (a) A spacecraft crossing the fast shock from
upstream to downstream. (b) Expected changes observed by the spacecraft. The
subscript n refers to the vector normal to the shock, and t to the tangential com-
ponent. (Top — bottom): number density, normal and tangential velocity, total
pressure, normal to the shock magnetic field, total and tangential magnetic field,
and temperature. Adapted from [Baumjohann and Treumann, 2012].

∇v to the particle velocity. However, as we typically do not have collisions in space
plasmas, the right-hand of (2.16) can be set to zero, which results in the Vlasov
equation:

∂f

∂t
+ v · ∇xf +

q

m
(E+ v×B) · ∇vf = 0 (2.17)

2.2 Velocity distribution functions

The velocity distribution function of a particle species (e.g., ions or electrons) of
a plasma in thermodynamic equilibrium is known as a Maxwellian distribution,
which in 1D can be expressed as:

f(ux) = A1 · e−u2
x/u

2
th (2.18)

where uth = (2kBT/m)1/2, A = n
(

m
2πkBT

)1/2
, and kB is Boltzmann’s constant.
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In 3D, it is easy to show that the Maxwell distribution is:

f(ux, uy, uz) = A3 · e−(u2
x+u2

y+u2
z)/u

2
th (2.19)

where A = n
(

m
2πkBT

)3/2
.

Typically, however, the temperature is different parallel and perpendicular to the
magnetic field direction. As a result, a more accurate distribution function for
modeling space plasmas is a bi-Maxwellian (product of two Maxwellians) which
can take the following form:

f(u⊥, u∥) = A2Bi · e
− u2

⊥
⟨u⊥⟩2

−−
u2
∥

⟨u∥⟩2 (2.20)

where u∥ indicates the velocity parallel to the magnetic field, and u⊥ perpendicular
to it. The brackets indicate average velocities and A2Bi =

n
π3/2⟨u⊥⟩2⟨u∥⟩

.

It should be noted that all these distributions are centered around 0. In reality,
however, plasmas typically exhibit a drift. In the case of a bi-Maxwellian distribu-
tion, assuming that the plasma exhibits a perpendicular to the magnetic field drift
velocity, the formula (2.20) can now be re-written as:

f(u⊥, u∥) = A2Bi · e
− (u⊥−u0,⊥)

2

⟨u⊥⟩2
−−

u2
∥

⟨u∥⟩2 (2.21)

Examples of a Maxwellian and a drifting bi-Maxwellian distributions are shown in
Figure 2.3.

All mentioned distributions (without the incorporation of a drift velocity) are de-
rived from first principles of equilibrium statistical mechanics. However, in many
cases the measured velocity distribution functions (VDFs) in collisionless space plas-
mas exhibit high-energy/velocity tails which make the deviation from Maxwellian
quite significant. One common way to model the existence of a population with
high-energy tails is to fit two different distributions, one Maxwellian and one power
law distribution:

f(u) ∝
(

u

u0

)−κ

(2.22)
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Maxwellian distribution 2D drifting bi-Maxwellian distributiona b

Figure 2.3: (a) Example of a 2D Maxwellian distribution in parallel and perpendic-
ular to the magnetic field velocities. (b) Example of a 2D drifting bi-Maxwellian
distribution with a perpendicular to the magnetic field velocity. Reproduced
from [Koskinen and Kilpua, 2022].

with κ being a constant, indicating a fixed power decay.

A way to combine a Maxwellian core population along with a power law tail is
described by the so-called Kappa (Lorentzian) distribution, which in 1D can be
formulated as:

fκ(u) =
1

(πw2
κ)

3/2

Γ(κ+ 1)

Γ(κ− 1
2 )

(
1 +

u2

κw2
κ

)−(κ+1)

(2.23)

w2
k =

(
1− 3

2κ

)(
2kBT

m

)
(2.24)

where wκ is the effective velocity of the particles (corresponding to a thermal ve-
locity), m is the mass, T is the effective temperature, n is the number density,
and finally Γ(x) is the Gamma function. It is trivial to show that for the limit of
k → ∞ (low energies), the kappa distribution degenerates to a Maxwellian and for
large arguments it produces a power law [Lazar et al., 2012]. An illustration of how
a Maxwellian distribution compares to Kappa in dimensionless units is shown in
Figure 2.4.
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Figure 2.4: Comparison between an 1D dimensionless Kappa and an 1D dimen-
sionless Maxwell distribution. For small speeds (u ≪ wk) the Kappa distribution
becomes identical to a Maxwellian. At high energies (u > wk), the suprathermal
tails are more prominent, producing a different profile.

2.3 Useful quantities

In the above discussion, we missed a few vital quantities that we list below. Keep
in mind that most are not motivated as typically done in textbooks, since we focus
on highlighting their use rather than deriving them from first principles.

Typically, a plasma that has dimensions larger than the Debye length can be con-
sidered quasi-neutral, making it a fundamental length scale for every plasma de-
scription. It may also be described as the distance a thermal particle travels during
a plasma oscillation. The Debye length can be formulated as:

λDe
=

√
ϵ0kBT

ne2
=

uth√
2ωpe

(2.25)

where uth is the thermal speed of electrons, defined as the most probable speed of a
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Maxwellian distribution (2.18). The plasma frequency is denoted as ωpe, describing
the reaction of electrons when a force is applied to a plasma. It is one of the most
fundamental time scales of plasmas.

ωpe =

√
ne2

meϵ0
. (2.26)

Additionally, the ion plasma frequency (ωpi) can be defined by using the above
formula and the ion rather than the electron mass.

Another fundamental scale we use in space plasma physics is the electron and ion
inertial length (or skin depth), defined respectively as:

de,i =
c

ωpe,i
(2.27)

where, c is the speed of light in vacuum. Electron inertial length describes the
depth to which radiation can penetrate the plasma. Ion inertial length can be
viewed as the scale for which ions decouple from electrons, making the magnetic
field frozen-in the bulk flow of the electron motion rather than that of the whole
plasma flow.

The plasma beta (β) is another important parameter used to characterize several
plasma environments, from solar wind to fusion experiments. It is defined as:

β =
pth
pmag

=
nkBT

B2/2µ0
(2.28)

where pth is the plasma (thermal) pressure, and pmag is the magnetic pressure of
the plasma.

Dynamic pressure is the kinetic energy per unit volume of a fluid. It is a key
quantity for a magnetosheath jet, as most of the definitions typically used are
based on it. For the ion population that we mainly study in this thesis, it can be
formulated as:

pdyn = ρi|vi|2 = nimp|vi|2 (2.29)

where i index refers to the ion population, and mp is the proton mass.
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Another useful quantity that is used to primarily characterize shock environments
is the angle θBn. At Earth’s bow shock, it is defined as the angle between the
interplanetary magnetic field (IMF) and the bow shock normal vector. This angle
is identical to the cone angle (θcone) when examining the subsolar point of the shock
(the point where the Sun – Earth line crosses the shock)

θcone = arccos

(
|Bx|
|B|

)
(2.30)

Finally, when characterizing different plasmas and shocks in physics, we typically
use a series of Mach numbers. Generally, Mach numbers are defined as the ratio of
a velocity to a characteristic speed. One of the most widely used Mach numbers is
the Alfvén Mach number, which can be mathematically expressed as:

MA =
v

vA
=

v√
B2/µ0ρi

(2.31)

where vA is the Alfvén speed, µ0 is the free space permeability and ρi is the ion
mass density. When characterizing a medium, v typically refers to the velocity of
the medium (e.g., vSW for the solar wind), while for shocks it usually refers to the
upstream normal flow speed typically along the shock normal direction (vn).

Another Mach number used is the magnetosonic Mach number, which is defined
through the group speed of fast magnetosonic waves. For parallel to the magnetic
field propagation, it is defined as:

vMS =
√

v2s + v2A (2.32)

where the speed of sound is vs =
√
γ · p

ρ . In this expression, γ is the adiabatic index,

p is the plasma pressure and ρ is the plasma mass density. Thus, the magnetosonic
Mach number can be computed as:

MMS =
v

vMS
(2.33)

It is worth noting that the expressions above are taken for a parallel to the mag-
netic field propagation. For an arbitrary propagation angle (θ), the expressions are
different (see, e.g., [Swanson, 2012,Balogh and Treumann, 2013]).





Chapter 3

Earth’s magnetospheric
environment

The Sun, apart from radiation, constantly emits a stream of fast charged particles,
called the solar wind (SW). As it propagates in the interplanetary environment, it
causes a variety of different phenomena before eventually reaching Earth. Here, it
interacts with Earth’s magnetic field, causing the formation of a bow shock. The
now shocked solar wind, continues towards the Earth causing a complex coupling
with Earth’s magnetic field which generates a magnetized environment called the
magnetosphere. In this chapter, we briefly introduce some details of this environ-
ment.

3.1 Bow shock

Shock waves, like in gasses, also form in collisionless plasmas when a fast flow meets
an obstacle. Typically, we say that a shock wave is formed when the speed of the
flow is too high for waves to propagate and “inform” the medium of the obstacle’s
presence. In collisionless environments, the shocks are created by the long-range
interactions of the electromagnetic fields rather than by collisions, which is the case
at Earth’s atmosphere (e.g., shock waves in front of supersonic airplanes).

Collisionless shocks can be found everywhere in the Universe, and they are well
known for their ability to accelerate particles in different plasma environments (e.g.,
solar flares, [Ellison and Ramaty, 1985], cosmic rays [Bell, 2004] and supernovas
[Koyama et al., 1995]). Studying Earth’s bow shock via in-situ measurements
provides a unique opportunity to determine its properties and generalize them to
other laboratory, planetary, and astrophysical shock environments.

When the solar wind meets the Earth’s magnetosphere, a bow shock is formed

17
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at a stand-off distance of ∼ 15 RE due to the long-range interaction caused by
Earth’s magnetic field on solar wind charged particles. The bow shock formed
has a magnetosonic Mach number higher than a critical value, which makes it
supercritical [Edmiston and Kennel, 1984], meaning that dissipation alone cannot
slow down the particles. As a result, a part of the SW will get reflected at the
shock. Below, we briefly discuss the two main categories of supercritical shocks,
these being the quasi-parallel (Qpar) (θBn ⪅ 45◦) and Quasi-perpendicular (Qperp)
(θBn ⪆ 45◦) shocks. More details on this topic can be found in textbooks and review
articles (e.g., [Treumann, 2009,Balogh and Treumann, 2013,Burgess and Scholer,
2015,Marcowith et al., 2016]).

Although we discuss some properties of the upstream and downstream regions of
Qpar and Qperp shocks, it should be noted that in reality nature does not create
a sharp boundary separating these environments. In practice, the dynamics of the
particles and therefore the corresponding regions formed are highly variable and
properties of both shock types may co-exist in some crossings. As a result, the
transition from Qpar dominated dynamics to Qperp ones is not very distinct in
oblique (∼ 30− 60◦) shocks.

a b

Figure 3.1: (a) View of the shock environment showing quasi-parallel, and quasi-
perpendicular shock environments along with electron and ion foreshock regions.
(b) Particle reflection in a Qpar and in a Qperp shock transition. Reproduced
from [Balogh and Treumann, 2013].

The bow shock environment is shown in Figure 3.1(a) while in (b) we see the
difference between the reflection of SW particles under a typical Qpar and Qperp
case. Examples of a Qpar and a Qperp shock crossing using MMS fast data (see
Chapter 4) are shown in Figure 3.2.
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Figure 3.2: (a) Example of an inbound Qpar bow shock crossing. (b) Example of
an outbound Qperp bow shock crossing. (Top — bottom): ion dynamic pressure,
ion velocity in GSE coordinates, ion number density, magnetic field vector, ion
temperature, and ion differential energy spectrum. Measurements are taken from
MMS1.

Quasi-perpendicular shock

The distinction between Qpar and Qperp shocks is made under the assumption of
specular reflection of charged particles at a shock. In other words, particles get
reflected and initially meet the “weaker” magnetic field of the SW on their way
back upstream. This increases their gyro-radius, allowing them to move back at
the shock in the case where the magnetic field is “close” to perpendicular with
respect to the shock’s normal. So, in Earth’s environment, when the IMF direc-
tion is almost perpendicular to the bow shock, the particles can gyrate briefly and
get convected back to the shock region, crossing into the magnetosheath without
having strong interaction with the approaching solar wind. This makes both the
transitions of Qperp shocks and their downstream regions less turbulent than the
Qpar ones. The shock ramp of a Qperp shock is the location where the ion reflection
and heating occurs, while the area where the particles are gyrating upstream after
they get reflected is called foot. The transition regions before the plasma enters
the magnetosheath contains a diffuse hot ion population that has been effectively
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heated and accelerated at the shock. Qperp shocks and their surrounding regions
have been associated with several phenomena, such as the generation of upstream
whistler waves [Lalti et al., 2022b], an increase in electron kinetic entropy [Lindberg
et al., 2022], the existence of field-aligned beams [Kucharek et al., 2004], particle ac-
celeration [Trotta and Burgess, 2019,Amano et al., 2020], and suprathermal protons
inducing a downstream proton enthalpy flux increase [Schwartz et al., 2022].

Quasi-parallel shock

When the IMF direction is almost parallel to the shock normal, a large portion of
the solar wind is reflected and travels upstream along the field lines, interacting with
the incoming solar wind. This interaction forms an extended shocked region, the
foreshock [Eastwood et al., 2005]. In this dynamic environment, several different
phenomena are generated, with the most noticeable being the characteristic ultra-
low frequency (ULF) waves [Greenstadt et al., 1995,Wilson III, 2016].

As these waves are convected back to the shock by the solar wind, they non-
linearly evolve and get steepened, forming shocklets [Wilson III et al., 2013, Liu
et al., 2022b], and Short Large Amplitude Magnetic Structures (SLAMS) [Schwartz
et al., 1992]. There are many more phenomena that form at the foreshock, including
hot flow anomalies (HFAs), spontaneous hot flow anomalies (SHFAs), foreshock
bubbles, foreshock cavities, etc. [Zhang et al., 2022]. The Qpar shock (including
the foreshock) appears to be an even more efficient particle accelerator than the
Qperp shock [Turner et al., 2018,Liu et al., 2019a,Johlander et al., 2021].

The foreshock and its associated structures create an environment where the up-
stream and downstream regions are much harder to distinguish compared to Qperp
shocks. While most researchers would agree on the position of a Qperp shock
crossing, Qpar shocks tend to have a much larger ambiguity as to where the up-
stream and downstream regions start and end. However, there are cases where
the transition, while more turbulent, can still be identified, as shown in Figure 3.2.
Comparing the Qperp shock crossing (Figure 3.2b) where the heating occurs rapidly
and results in a thermalized plasma, we see that in the Qpar case (Figure 3.2a),
it is mainly the compression and the deceleration which indicates the transition to
the magnetosheath region.

In practice, all shocks locally at ion (and smaller) scales, can be treated as “more”
Qperp due to the presence of upstream waves. These waves cause an out of plane
component, increasing the θBn to marginally Qperp domain [Baumjohann and
Treumann, 2012,Balogh and Treumann, 2013].
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Shock non-stationarity

Non-stationarity of the shock means that the shock is an extended and time-variable
structure. The non-stationarity of the Earth’s bow shock has been theoretically
predicted for a long time and was initially observed in laboratory collisionless shocks
[Morse et al., 1972]. The variation it exhibits can originate from several effects.
These include an observational difficulty to determine the shock front, and a series of
physical mechanisms that change the location of the shock front in time. At Earth’s
bow shock, it has been observed to be a very prominent feature of the quasi-parallel
shock, but also of the quasi-perpendicular one. In either shock transition, the effects
that have been mainly associated to the non-stationarity are the reformation and
the ripples of the shock. We briefly introduce both phenomena in Qpar and Qperp
shock transitions.

Qperp (self-)reformation, describes the downstream plasma as being essentially
the collection of the old shock ramps left from the shock-foot reformation cycles.
This shock front reformation has been associated with upstream whistler waves,
evolving in a nonlinear way and interacting with the front, forming a new shock
front upstream of the old one. This has been shown in simulations for over 20
years [Lembège and Savoini, 2002,Hellinger et al., 2002] and more recently in in-
situ measurements [Mazelle et al., 2010, Sulaiman et al., 2015, Dimmock et al.,
2019].

The ripples observed in the Qperp shock can be described as ion-kinetic waves along
the shock. These have been observed in quasi-perpendicular shocks in simulations
[Lowe and Burgess, 2003] and in in-situ measurements [Johlander et al., 2016,
Johlander et al., 2018]. Their scales are around 4 and their amplitude around 0.5
ion inertial lengths. Observations of Qperp shocks have also provided signatures of
both non-stationarity phenomena taking place at the same time (e.g., [Madanian
et al., 2021]).

For Qpar shocks, similar terminology is used, but it corresponds to a different
picture (both however are associated with particle reflection). Shock reformation
in Qpar shocks has been shown in simulations multiple times [Burgess, 1989,Hao
et al., 2017, Battarbee et al., 2020b], and was recently shown in observations as
well (e.g., [Liu et al., 2021, Johlander et al., 2022,Raptis et al., 2022]). However,
reformation here corresponds to a different mechanism. Specifically, it corresponds
to the notion of a patchwork formation of the Quasi-parallel shock, where the shock
is effectively formed by several non-linearly evolved ULF waves, like the short large-
amplitude magnetic structures (SLAMS) [Schwartz and Burgess, 1991, Schwartz
et al., 1992]. All these ULF waves are essentially compressive magnetic structures
that form the bow shock. Then the SW particles get reflected from this pile-up
patchwork bow shock, travel far upstream, interact with the incoming solar wind,
allowing the formation of new ULF waves. These in turn evolve, get steepened
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and increase in amplitude forming the new shock front further upstream of the old
one, in a cyclic manner. This process occurs at larger scales than the reformation
process described for the Qperp shocks. Moreover, as SLAMS and other foreshock
structures can be locally treated as Qperp shocks, the (self-)reformation described
for Qperp shocks can apply for each individual structure forming the Qpar shock
(e.g., [Turner et al., 2021,Chen et al., 2021,Raptis et al., 2022]). This makes the
Qpar shock a highly variable environment where phenomena of different scale occur
at the same time. An example where both phenomena took place was shown in
Paper V. To avoid any confusion, we used the word “evolution” to describe the (self-
)reformation cycle of a SLAMS and the word “reformation” to describe the global
process of the non-stationarity of the Qpar shock. Finally, we should mention that
recently, evidence of current sheets and reconnection events at the transition region
of shocks has been reported, additionally modifying the reformation process [Wang
et al., 2019,Gingell et al., 2020,Ng et al., 2022].

The shock ripples have also been associated with Qpar shocks [Hietala et al., 2009].
The phenomenon as shown in simulations (e.g., [Hao et al., 2016]) can change
the shock’s normal (n̂) drastically, causing large variations θBn. The ripples in
Qpar shock essentially refer to the foreshock presence, which effectively allows the
location of the shock to be extended in some places far more upstream than in
others. This causes the shock to become “rippled” to spatial scales of tens of ion
inertial lengths [Karimabadi et al., 2014,Hao et al., 2017]. This, however, is not the
same ripple we discuss in Qperp shocks, or at least it is not certain if the phenomena
are of similar nature. It could be that ripples in this scenario, lacking the periodic
nature of Qperp shock ripples, are the result of a reformation process that exhibits
different cyclic behavior along the spatial extent of the shock. If this is true, the
rippling of Qpar shock is a manifestation of the reformation cycle described above,
being locally driven and essentially spatially and temporally independent.

We should note that some observations of ripples of similar size to the Qperp ones
were reported to be found in marginally Qpar shocks. However, these remain similar
in nature phenomena to Qperp shock ripples, with the exception that they appear
to be a transient rather than a stable property of the shock and are modulated by
the reformation process [Gingell et al., 2017].

Finally, some studies mentioned above referring to the Qpar shock, are technically
under oblique θBn (e.g., [Liu et al., 2021]). However, in these cases the foreshock
related dynamics, and the presence of foreshock compressive structures (FCS) is
still prominent, making a distinction redundant.



3.2. MAGNETOSHEATH 23

3.2 Magnetosheath

Crossing the bow shock, the downstream plasma environment forms a region called
the magnetosheath [Lucek et al., 2005]. The shocked solar wind, now compressed,
heated, and decelerated to sub-magnetosonic velocities, forms this highly turbu-
lent region. Similarly to the shock classification between Qpar and Qperp, the
magnetosheath region downstream of a Qpar shock is very different from that of a
Qperp one. As it has been shown in the last couple of years in great detail, several
compressive magnetic structures observed upstream of the shock can be transmit-
ted downstream (e.g., [Suni et al., 2021,Kajdič et al., 2021a,Trotta et al., 2022]).
This makes the Qpar magnetosheath a highly turbulent environment, where all the
foreshock phenomena we mentioned above influence and modulate the surrounding
plasma. HFAs [Eastwood et al., 2008], and foreshock bubbles [Archer et al., 2015]
for example, can have strong effects on the magnetosheath environment. Apart
from the foreshock’s direct influence, new phenomena manifest downstream of the
Qpar shock.

Examples of such phenomena are the strong reconnecting current sheets, that are
more common close to the bow shock [Yordanova et al., 2016, Yordanova et al.,
2020,Gingell et al., 2021]. The spectral profiles also indicate that the Qpar mag-
netosheath is more turbulent than the quasi-perpendicular one [Vörös et al., 2017,
Gurchumelia et al., 2022]. The Qperp magnetosheath, as expected, is more in-
fluenced by the Qperp shock dynamics. As a result, several of the phenomena
connected to foreshock dynamics are absent in this case. One of the most charac-
teristic differences is the presence of mirror mode waves, which is significantly more
prominent downstream of the Qperp shock [Dimmock et al., 2015]. Current sheets
may also (less frequently) be observed [Alexandrova et al., 2004, Kajdič et al.,
2021b]. Similarly, magnetosheath jets may appear less frequently in the Qperp
magnetosheath and as we discuss in later chapters are associated with different
phenomena [Plaschke et al., 2018,Kajdič et al., 2021b].

Regarding the statistically expected plasma properties, the magnetosheath down-
stream of the quasi-parallel shocks tends to have lower ion temperature anisotropy
[Fuselier et al., 1994], increased flux of high-energy ions [Fuselier, 1994] and high
magnetic field variability [Luhmann et al., 1986]. These properties appear to be
associated with the foreshock presence and may also be used to determine whether
the observed downstream plasma originated from a Qpar or a Qperp shock cross-
ing [Raptis et al., 2020b,Karlsson et al., 2021].

3.3 Magnetopause and magnetosphere

The next obstacle that the now “shocked” magnetosheath plasma encounters is the
magnetopause, which separates the outer geospace plasma environment from the
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magnetosphere of the Earth. Physically, as the magnetosheath plasma approaches
Earth, it reaches a point where there is a pressure balance between its pressure
(primarily thermal) and the magnetic pressure from Earth’s magnetic field. This
generates a current system known as the Chapman-Ferraro current, which effec-
tively defines the large-scale flow and the magnetopause environment. As the flow
continues to be diverted, it moves towards the flanks of the magnetosheath, getting
accelerated and reaching the night side of Earth’s magnetosphere. As these regions
are not relevant to our work, we will not go into more details. An illustration of
the magnetospheric environment of Earth is shown in Figure 3.3.

Figure 3.3: Illustration of Earth’s magnetosphere, indicating some of the most im-
portant regions of interest for magnetospheric physics. Credit: ESA/C. T. Russel.



Chapter 4

Spacecraft missions and data
products

The focus of this thesis has been observational research, using in-situ measurements.
Most of the work is centered on the usage and analysis of magnetic field and plasma
measurements using the Magnetospheric Multiscale (MMS) mission [Burch et al.,
2016]. However, Time History of Events and Macroscale Interactions during Sub-
storms (THEMIS) mission [Angelopoulos, 2009], and the OMNIweb dataset [King
and Papitashvili, 2005] have also been used. In the sections below, we introduce
and summarize the instrumentation and data products used in our research.

4.1 Magnetospheric Multiscale (MMS)

The Magnetosphere Multiscale (MMS) is a NASA mission launched in March 2015.
It consists of four identical satellites that are typically in a tetrahedron forma-
tion orbiting the Earth. The main objective of the mission has been to study
magnetic reconnection [Burch et al., 2016]. However, due to the advanced instru-
ments on-board, several ground-breaking results on space and plasma physics have
been obtained, including plasma processes at the Earth’s foreshock, bow shock and
magnetosheath regions. For our work, there have also been campaign formations
(string-of-pearl) that, due to the larger separation between the satellites, produced
measurements ideal for investigating processes in the scale of magnetosheath jets
(see Figure 4.1). MMS has a burst system that allows high-resolution measurements
to be obtained when a region of interest is observed. The selections are made by
a scientist-in-the-loop (SITL) operation. During this process, a researcher from
the MMS community selects certain periods through a ranking system by look-
ing at low-resolution (survey/fast) data. Then, based on that manual evaluation,
high-resolution (burst) measurements are down-linked for the specific regions along
with a short description and justification of the reasoning behind each selection.

25
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While the main objective of MMS prioritizes selections of magnetopause crossings,
there are plenty of bow shock crossings, foreshock structures and turbulent mag-
netosheath selections made over the years. This makes the MMS mission ideal to
study a variety of space physics related phenomena in small scales that take place
in different plasma environments. MMS measurements1 were used in Papers I –
III, and V – VI.

Figure 4.1: Illustration and infographic of the typical (tetrahedron) and the cam-
paign (string-of-pearls) formation of Magnetosphere Multiscale (MMS) mission.
Credits: NASA’s Goddard Space Flight Center/Mary Pat Hrybyk-Keith.

Fast Plasma Investigation (FPI)

Every MMS spacecraft has four dual spectrometers for ions (DIS) and electrons
(DES). The resolution is 11.25◦ in azimuthal angle and 15◦ in polar, while energies
∼10 eV – 30 keV can be resolved. One of the key features of FPI is that the sensors
can sample the entire 360◦ view without relying on the spacecraft spin (like for
example in Cluster mission), resulting in a much higher time resolution. For ions,
distribution functions during burst measurements are provided every 150 ms and
for electrons every 30 ms. During low-resolution (fast) mode, the measurements
are available every 4.5 s for ions and electrons [Pollock et al., 2016].

1Accessible via https://lasp.colorado.edu/mms/sdc/public/about/browse-wrapper.

https://lasp.colorado.edu/mms/sdc/public/about/browse-wrapper
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Fluxgate Magnetometer (FGM)

FGM [Russell et al., 2016] is part of the FIELDS instrumentation site [Torbert et al.,
2016] of MMS. The goal of this instrument is to measure magnetic fields from DC
up to 64 Hz. It consists of two magnetometers, one analog (AFG) and one digital
(DFG) that are mounted on 5-m long deployable booms. On the low-resolution
(survey) mode, data are available every 0.1250 s, and during high-resolution (burst)
every 0.0078 s.

4.2 Time History of Events and Macroscale Interactions
during Substorms (THEMIS)

THEMIS is a NASA mission launched in February 2007 consisting of 5 identical
probes (Figure 4.2). Its main objective has been to study substorms and other
geomagnetic disturbances. In 2010, three of the probes continued to orbit the
Earth, while two of them changed their orbit to investigate new scientific objec-
tives around the Moon. This new mission was named ARTEMIS (Acceleration,
Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction with the
Sun) [Angelopoulos, 2010].

Figure 4.2: The five identical satellites of THEMIS-ARTEMIS mission seen from
above. Credits: NASA/George Shelton.

Instruments relevant to our work include the FGM (fluxgate magnetometer) [Auster
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et al., 2008] and the ESA (Electrostatic Analyzer) [McFadden et al., 2008] on board
of each probe. Similar to MMS, FGM provides measurements of the magnetic field
vector with 3 s resolution. The Electrostatic Analyzer provides plasma distributions
and moments for ions and electrons with the same resolution. THEMIS measure-
ments2 were used in Paper IV.

4.3 High-resolution OMNI dataset

For parts of our work, we needed a solar wind monitor to obtain information on
the upstream conditions. One of the most widely used products describing the
upstream environment at the subsolar bow shock is the 1-min resolution OMNI
database [King and Papitashvili, 2005]. This set is created using several spacecraft
measurements, primarily from missions residing at the Lagrangian 1 (L1) point,
such as Wind [Harten and Clark, 1995] and ACE [Stone et al., 1998]. The measure-
ments are then time shifted to the subsolar nose of the Earth’s bow shock. More
information, along with the freely available dataset, can be found in the OMNIWeb
repository3. The OMNI database was used for all the papers of this thesis.

2Accessible via http://themis.ssl.berkeley.edu/data_products/index.php.
3Accessible via https://omniweb.gsfc.nasa.gov/ow.html.

 http://themis.ssl.berkeley.edu/data_products/index.php
https://omniweb.gsfc.nasa.gov/ow.html


Chapter 5

Computer simulations

Traditionally, in scientific research, a theory would make a prediction and obser-
vations would either satisfy or falsify the theory. However, after the growth of
computing power during the 20th century, the field of mathematical modeling via
computer simulations has been established in the scientific community. Today, sim-
ulations can act as the bridge between theory and experiment, providing insight
and determining new research objectives. In plasmas, one can use a variety of
different simulation setups depending on the accuracy level they want to achieve
and the scales of the phenomena investigated. Even looking at the different plasma
descriptions mentioned in Chapter 2 one can imagine that there are several ways
to simulate a plasma environment.

One way to model plasmas is through a fluid or MHD (conductive fluid) approach.
In this case, the plasma is treated as a single-species or two-species fluid. As these
descriptions tend to be less computational heavy than the ones described below,
they have often been used in the early magnetospheric simulation research. They
are still used to describe systems of very large scales such as the solar system, the
solar wind evolution and astrophysical environments (e.g., [Porth et al., 2014])

Another approach is to use a Hybrid-Vlasov description, which uses the Vlasov
equation (2.17). Also, rather than having an ideal Ohm’s law (2.10), a generalised
form is used, such as:

E+ v×B =
j

σ
+

j×B

nee
− ∇ · Pe

nee
+

me

nee2
∂j

∂t
(5.1)

where σ is the conductivity, and e is the elementary charge. The terms of the
right-hand side from left to right are describing, the resistivity, the Hall, the elec-
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tron pressure gradient and the electron inertia term. So, going back to the ideal
Ohm’s law, if the right-hand side is zero, the description is very limiting since we
effectively model a plasma with, infinite conductivity (1st term), no cross field cur-
rents (2nd term), no electron pressure divergence (3rd term) and no inertial effects
from electrons (4th term).

It should be noted that while the above Ohm’s law allows many of the observed
phenomena to emerge, it does not include terms that describe the correlation be-
tween fluid velocity and current or MHD turbulence. Furthermore, it lacks a term
that describes time variation of low frequency waves. These are typically not in-
cluded in simulations, but could play a role in small-scale dynamics [Baumjohann
and Treumann, 2012]. Generally, hybrid descriptions tend to be very accurate
while allowing simulations to run on realistic spatial and time scales. The goal
is to combine the benefits of kinetic description for ions with the reduced compu-
tational aspects and complexity of electrons that are typically treated as fluids.
These types of simulations have several applications in planetary environments and
in astrophysics [Palmroth et al., 2018a]. It should be noted that whether that de-
scription is sufficient to model certain planetary environments or not is still under
debate (e.g., Mercury [Lapenta et al., 2022]).

Another way to model plasmas is through the PIC (Particle-in-cell) or PM (Particle-
mesh) methods. These refer to techniques that solve a specific set of differential
equations. In these methods, particles are tracked in a continuous phase space,
whereas every moment of the distribution is computed in stationary points. PIC
includes interactions of particles only through the average fields [Hatzky and Bot-
tino, 2010,Markidis et al., 2010]. In practice, PIC is very useful to study small-scale
effects where electron particle distributions are vital, like the electron diffusion re-
gion (EDR) in magnetic reconnection (e.g., [Lu et al., 2020]). However, such meth-
ods can be computationally expensive, and it is very hard to perform simulation
on large/global scales or with realistic number of particles and mass ratios. As a
result, apart from a few exceptions (e.g., [Lin et al., 2021]) with the current compu-
tational power, global simulations are typically done using MHD or Hybrid-Vlasov
simulations rather than PIC. A schematic illustrating the different plasma descrip-
tions typically used in simulations, along with their basic scaling range, is shown
in Figure 5.1.

5.1 Hybrid-Vlasov simulations - Vlasiator

For Paper III, we used the Vlasiator model [Palmroth et al., 2013, Von Alfthan
et al., 2014,Palmroth et al., 2018a]. Vlasiator is a hybrid-Vlasov model simulating
the Earth’s magnetosphere. It treats protons as distribution functions f(r, v, t),
while electrons are treated as a massless charge-neutralizing fluid. This results, in
an accurate description of the ion kinetic effects while electron effects are ignored.
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Figure 5.1: Schematic of the basic plasma descriptions typically used in simulation
studies, and how the complexity and different scale sizes change for each description.

However, large-scale effects and in particular ion scale phenomena and distribu-
tions that we study in this work, should in principle be accurately described. The
Vlasiator model has been used to model and evaluate a variety of different phenom-
ena, such as foreshock particle composition and waves (e.g., [Von Alfthan et al.,
2014, Palmroth et al., 2015, Turc et al., 2018, Battarbee et al., 2020a]), magne-
tosheath jets (e.g., [Palmroth et al., 2018b,Palmroth et al., 2021,Suni et al., 2021]),
and magnetic reconnection (e.g., [Pfau-Kempf et al., 2020,Runov et al., 2021]).

The specific Vlasiator runs used in our work are 2D runs, and as discussed above
do not treat electrons kinetically. Recently, however, Vlasiator has been upgraded
and can provide results that treat electron distributions more accurately [Alho
et al., 2022], while 3D global modeling of Earth’s magnetosphere has also been
developed [Palmroth, 2022].

An illustration from a Vlasiator simulation, modeling the dayside magnetosphere
and the shock environment, is shown in Figure 5.2.
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Figure 5.2: Earth’s geospace environment as modeled by the Vlasiator model. Spe-
cial indications are made to show the different regions and the close to the bow
shock environments where magnetosheath jets are typically formed. Reproduced
from the online Nature community post “How the solar wind slips through Earth’s
bow shock”. Credits: M. Palmroth, U Helsinki.

https://astronomycommunity.nature.com/posts/how-the-solar-wind-slips-through-earth-s-bow-shock
https://astronomycommunity.nature.com/posts/how-the-solar-wind-slips-through-earth-s-bow-shock


Chapter 6

Data analysis methods

For our work, we used a variety of data analysis techniques. Some methods are
based on single spacecraft observations, while others on multi-spacecraft ones.
Furthermore, we briefly introduce neural networks and plasma moment deriva-
tion methods that we used in our work. Many of the techniques we discuss
were developed for the Cluster mission [Escoubet et al., 2001]. However, both
Cluster and MMS typically use tetrahedron formation and while corresponding
to different spatial scales, the application of most of the techniques is useful for
both missions. Below, we discuss the methods used, although a much more de-
tailed description can be found in the classic book of “analysis methods for multi-
spacecraft data” [Paschmann and Daly, 1998,Paschmann and Schwartz, 2000] and
its complementary update [Paschmann and Daly, 2008]. Another relevant read
for multi-spacecraft analysis focusing on ionospheric application was also recently
published [Dunlop and Lühr, 2020].

6.1 Single-spacecraft techniques

Wavelet transforms

One way to perform spectral analysis (transforming and analyzing signals to the
frequency domain) is to make a Wavelet transform, which is similar to Fourier
transform. In our work we use Continuous Wavelet Transform (CWT) (see more
information in [Torrence and Compo, 1998]) which uses the Morlet Wavelets [Morlet
et al., 1982].

Since wavelet transform is a widely used technique in many fields, more information
can be found in standard signal processing textbooks (e.g., [Strang and Nguyen,
1996]). In our case, Morlet wavelets can be treated as modulated sinusoidal oscilla-
tions that allow us to expand a signal in basis functions that are not only localized
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in frequency (like Fourier transform) but also in time. Following the derivation
of [Eriksson, 1998] one can derive the Morlet wavelet transformation (MWT) of a
signal as:

C(τ, f) =

∫
u(t)h∗

fτ (t)dt (6.1)

where u(t) is the signal and h∗
fτ indicate the wavelet kernels. Then, a continuous

wavelet transformation consists of evaluating (6.1) on a set of chosen f and t.

Minimum variance analysis (MVA)

Minimum variance analysis (MVA) is a useful technique to estimate the direction
normal to an 1D plasma transition layer (i.e., a discontinuity). The technique is
based on an idealised situation where only one dimension is used for expressing the
divergence of the magnetic field (B):

∇ ·B =
∂Bz

∂z
= 0 (6.2)

where z is taken to be part of a local coordinate system, along the normal vector
n̂. Then, by assuming that B · n̂ = 0, and by measuring the magnetic field before,
during and after the layer transition, one can estimate the normal vector n̂. In
practice, the estimation is being done by minimizing the variance of the magnetic
field projected over the normal vector, Bm · n̂, where m = 1, 2, 3, ...M and M is the
total number of magnetic field measurements used. The variance is then calculated
as:

σ2 =
1

M

M∑
m=1

|Bm − ⟨B⟩) · n̂|2 (6.3)

Then one can compute three components representing the minimum, intermediate,
and maximum variance direction (see steps on, e.g., [Sonnerup and Scheible, 1998]).
A direct application of MVA is to generate the so-called hodograms. After generat-
ing the eigenvectors that correspond to the maximum, intermediate, and minimum
variance of a vector (in this example the magnetic field), one can visualise them by
plotting different combinations in a plane (e.g., Bmin versus Binter). By doing so,
the polarization of the structure can be inferred. For example, as shown in Figure
6.1, we have a typical case of circularly left-hand polarized magnetic field waves,
which in this case is attributed to a time interval of whistler waves upstream of
Earth’s bow shock [Raptis et al., 2022]. See chapter 8 of [Paschmann and Daly,
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1998] for more information on the usage and possible caveats of this method, along
with how to derive error estimates.

Figure 6.1: An example of minimum variance analysis (MVA) applied to a time
series of whistler waves. A clear left-handed circular polarization is illustrated by
the hodogram of the maximum and intermediate component of the magnetic field
(bottom right).

Coplanarity methods

From the Rankine-Hugoniot relations (2.11 - 2.15) one can derive the coplanarity
relation to obtain the normal vector of the bow shock:

n̂ = ± (Bd ×Bu)×∆B

|Bd ×Bu ×∆B|
(6.4)

where u denotes the upstream and d the downstream environment of the shock.
This method, however, breaks down when we have θBn → 0. In these cases, there
are alternative ways to estimate n̂, for example through the use of upstream and
downstream velocity vector [Paschmann and Daly, 1998].

6.2 Multi-spacecraft techniques

Timing

To reliably determine the velocity of a discontinuity or a shock, one typically needs
more than one spacecraft. While one can estimate the normal vector (n̂) and speed
via the single spacecraft techniques we discussed above, all of them have a series
of strong assumptions. Typically, a better estimation can be done if there are four
spacecraft in tetrahedron formation (like the typical formation MMS and Cluster).
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When such measurements are available, one can mark the different time that the
disturbances are observed on each spacecraft, for example by cross correlating the
different signals. Then, based on the position of the different satellites (and the
precision of its determination), one can estimate the orientation and speed of the
disturbance. While timing of the signals can be performed in other formations
(e.g., string-of-pearl), conclusions regarding the normal vector are highly suscepti-
ble to errors. Therefore, an estimation of the normal vector via single-spacecraft
techniques or by combining both is typically preferred (see more information on
Chapter 10 of [Paschmann and Daly, 1998]).

Cross-wavelet analysis

In Paper IV, we used cross-spectral analysis, which means to compare two time
series and investigate the relation between their respective spectra. In our case, this
is done to investigate if two observed signals originating from different locations
are in-phase or not. Using the relationships obtained above on single-spacecraft
wavelets, the relationship of the cross-wavelet transform is defined as:

WAB
n = WA

n ·WB∗
n (6.5)

where * denotes the complex conjugate, WAB
n is the average global wavelet spec-

trum made from the wavelet transformation for a specific frequency (f) of two
timeseries, A and B. From the argument of the cross wavelet transform, one can
obtain the relative phase difference between the signal observed in the timeseries.
The phase spectrum is obtained by examining:

ϕ = arctan

(
Im
(
|WAB

n |
)

Re (|WAB
n |)

)
(6.6)

More information about this methodology can be found in several articles and
textbooks (e.g., [Eriksson, 1998, Grinsted et al., 2004, Katsavrias et al., 2022]).
Finally, an estimate for the level of the statistical significance can be obtained
by evaluating the wavelet coherence1. What is effectively obtained through that
method is a correlation coefficient for every point in time and frequency space
[Torrence and Compo, 1998].

1See, for example, implementation in MATLAB https://se.mathworks.com/help/wavelet/

ref/wcoherence.html.

https://se.mathworks.com/help/wavelet/ref/wcoherence.html
https://se.mathworks.com/help/wavelet/ref/wcoherence.html
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6.3 Bow shock and magnetosphere models

Modeling the bow shock position and shape can be done through a variety of dif-
ferent approaches. One way is to run a model using an MHD or kinetic description
and determine the position of the bow shock by modeling the interaction of the
planet’s magnetic field with the solar wind. These models are computationally ex-
pensive and since simulations are run for a prefixed set of solar wind parameters,
they cannot be used in occasions that the actual parameters are significantly dif-
ferent. Still, under a specific set of parameters they can be quite accurate [Merka
et al., 2003,Ledvina et al., 2008].

Another way, typically used when there are available in-situ measurements over a
crossing, is the generation of an empirical model. Using this approach, the bow
shock is described as a conical surface which varies based on upstream solar wind
parameters (primarily dynamic pressure and magnetic field direction). The exact
description is usually statistically derived from many measurements that have been
gathered from several bow shock crossings over the years (see e.g., [Slavin and
Holzer, 1981, Chao et al., 2002, Jeĺınek et al., 2012]). Such models can be quite
useful and are in good agreement with “average” properties, since they have been
empirically derived, but may be inaccurate under rare upstream conditions. Some
recent studies, try to combine simulations with empirical modeling, creating the
so-called semi-empirical models (e.g., [Kotova et al., 2015,Kotova et al., 2021]).

If there are available measurements, one can force a model to fit at the location of
the spacecraft that observed the shock transition. If, however, there are no mea-
surements available, one can use upstream solar wind data from values propagated
to the shock (e.g., OMNIweb database). These models can then be used either to
derive the normal vector of the shock at the position of the spacecraft, or to get an
estimate of the bow shock location to study the evolution of phenomena observed
in other locations (e.g., magnetosheath or magnetosphere).

Similarly, for the magnetopause, a similar approach is being considered. As a
result, most of the studies discussed above address the location and shape of both
surfaces (e.g., [Chao et al., 2002, Jeĺınek et al., 2012]). In Papers, I, II and IV we
used the model of [Chao et al., 2002] for the modeling of Earth’s bow shock and
magnetopause.

6.4 Artificial neural networks

One of the most popular machine learning approaches consists of using artificial
neural networks (ANNs). ANNs have been heavily inspired by the research of bio-
logical neurons, hence the name. In a simple model of how the human brain works,
different neurons are activated based on what signals they receive. Throughout our
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life, our brain learns which neurons to activate by changing the activation threshold
and the weights of each synapse. Through this process, new connections are gen-
erated, allowing us to learn new information and adapt our reaction to them. The
field of ANNs has developed drastically in the last few decades due to pioneering
research and the increase in computing resources. The main principles, however,
are relatively simple to comprehend if one limits the discussion to the framework
of a simple input/output problem. Let’s take a simple problem description within
this framework to explain the main concepts.

The Modified National Institute of Standards and Technology (MNIST) database
consists of 70.000, 28×28 pixel images (input), corresponding to handwritten digits
(1-9) that have been already labeled by humans. This database is used in ML
benchmarking, by imposing a supervised learning problem2, in which the input is
the grayscale images, and the output is a label from 1 to 9. This problem, is an
example of supervised multi-class classification.

ANNs have an input layer, a series of hidden layers and an output layer, each
with a number of neurons. Both the number of layers and neurons are what we
typically call hyper-parameters and can vary significantly from one application to
another. Assuming we have an architecture consisting of several neurons and layers
ready, the next step is to split the dataset to training, validation and test set. The
training set is used to adapt the parameters of the neural network, the validation
set to optimize its hyper-parameters, and the test set to evaluate its performance.
In practice, the goal of this data splitting is to train the neural network with a
set of data and then test it with unknown information to see if it can accurately
find the expected result. Sometimes, validation and test set can be combined if
hyper-parameter optimization is trivial or the data sample is relatively small.

Before the training, the neural network can be thought of as a series of connections
(basically how each neuron reacts to each input) with randomized parameters,
indicating the degree of activation. By providing an input which we know the
answer of (i.e., an image of number 5) we can see “how far” is the initially random
result from the correct answer, and establish an error function depending on the
problem. For a typical regression task it can be the mean-squared error (MSE)
and for a classification like the one we describe here, is usually the cross-entropy
error. Then, by using a method called back-propagation, the neural network adapts
the parameters of its hidden layers and sequentially continues the training process
by accepting new input. By changing the parameters proportionally to the error,
its parameters get adapted accordingly. A detailed analysis of the process that we
describe above can be found in any machine learning textbook or review article
(e.g., [Bishop and Nasrabadi, 2006,James et al., 2013,Mohri et al., 2018]).

2Problems with pre-labeled output such as this one are named supervised. Alternatively, if
the output is not known a priori, they are called unsupervised.
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From a purely mathematical perspective, ANNs are essentially flexible non-linear
function approximators that can be tuned (trained) to mimic any kind of function
consisting of multidimensional input and output. This makes them particularly
useful in solving generalized optimization problems [Goodfellow et al., 2016].

Modern adaptations of neural networks include the use of convolution layers, al-
lowing to more easily analyze visual imagery, and the average/max pooling data
reduction layers forming the convolutional neural network (CNN) (see e.g., [Raptis
et al., 2018]). Other adaptations use recurrent layers, corresponding to a recurrent
neural network (RNN) to allow easier modeling of temporal sequences like voice
recognition and auto-complete text (see e.g., [Yeakel et al., 2022]). Finally, in the
last few decades, the addition of physical information by introducing physical laws
in the form of differential equations in the loss function has inspired the develop-
ment of physics-informed neural networks (PINNS) [Raissi et al., 2019,Karniadakis
et al., 2021, Markidis, 2021]. These architectures have multiple applications al-
ready in many scientific fields, and very recently also in magnetospheric research
(e.g., [Camporeale et al., 2022]).
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Figure 6.2: (a) Visualisation of a convolutional neural network (CNN) classifying
the number 7 of the MNIST database. (b) A typical split of the dataset with ∼ 25%
of data corresponds to validation and testing sets and the remaining ∼ 50% form
the test set. (c) Example of the convolution process used during feature extraction.
(d) Examples of maximum and average max pooling layers used for dimensionality
reduction. Sub-figures c and d are credited to Sumit Saha.

For Paper II, we used Google’s library TensorFlow [Abadi et al., 2015] and its high-
level API Keras [Chollet, 2015] to model a neural network. Examples of how to
use Keras to solve supervised learning problems such as the one using the MNIST
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database described above can be easily found online3. An illustration of how a CNN
is used to classify the MNIST database, along with some additional information of
the modeling process, is shown in Figure 6.2.

6.5 Plasma moment derivation

Velocity moments derived from distributions can be used to quantify and evaluate
bulk properties of plasmas, used for single and multi-point data analysis. In prin-
ciple, one can derive single-species fluid moments through the measured VDFs of
ions and electrons. These moments correspond to number density (0th moment),
bulk velocity(1st moment), pressure tensor (2nd moment) and heat flux tensor (3rd

moment), while the charge density and current density may also be computed. In
our work (Paper VI), we derived the ion density, velocity and temperature (from
the trace of the pressure tensor).

n =

∫
f(v)d3v (6.7)

vb =
1

n

∫
vf(v)d3v (6.8)

T =
m

3kBn

∫
(v− vb) · (v− vb)f(v)d

3v (6.9)

It should be noted that T in this case can be calculated for any type of distribution.
However, it is not the same temperature as described under a thermodynamic
framework. Only under the assumption that plasma is in a thermal equilibrium
and can be effectively modeled by a Maxwellian velocity distribution (2.19), a
temperature derived from plasma moments is in agreement with thermodynamics(
T = m⟨v⟩2

2kB

)
.

Calculating moments is not a trivial task, since there can be several errors involved.
These can include errors originating from the energy binning of the instrument, di-
rectional resolution, time variations, photo-electrons, spacecraft charging, calibra-
tion errors and even different ion composition [Paschmann et al., 1998,Gershman
et al., 2015].

Furthermore, the computation of moments may sometimes provide information
that is not very useful. For example, when there are simultaneous measurements
of two different populations, the moments computed over the whole distribution
do not properly characterize either of the populations. A typical and well-known

3e.g., https://github.com/SavvasRaptis/machine-learning-examples

https://github.com/SavvasRaptis/machine-learning-examples
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example of this can be found upstream of the quasi-parallel shock at the foreshock
region. If one computes the full moments, then a lower velocity compared to the
pristine solar wind can be found. However, that result is heavily influenced by the
reflected particles from the shock presence. As a result, in these environments,
partial moments can be useful, where part of the distribution is used for the com-
putation of the moments rather than the whole VDF (e.g., [Liu et al., 2017, Liu
et al., 2022a].

An alternative way to estimate macroscopic quantities that describe plasmas such
as bulk velocity, density, and temperature is by fitting a distribution function to
the model and estimating the parameters via essentially solving an optimization
problem. In the simplest case of a Maxwellian distribution in 1D (2.18), one can
fit this expression to reduced (integrated) 1D VDFs and get meaningful estimates
of quantities for the measured plasma. This technique can be particularly useful
if more than one plasma population are measured, since multiple distribution can
be fitted to consider the different populations. A typical example of this situation
is the measurements of electron VDFs in the pristine solar wind. The SW can be
modelled via assuming three distinct populations corresponding to a bi-Maxwellian
distribution each (core, halo and strahl electrons). The resulted fitted quantities can
provide information about the evolution of the different populations (e.g., [Abraham
et al., 2022]).





Chapter 7

Magnetosheath jets

Magnetosheath jets are transient and localized dynamic pressure enhancements cor-
responding to a velocity and/or density increase relative to the background ambient
magnetosheath. Most of the jet related research has been summarized in a rela-
tively recent review article and aspects that we do not cover, such as the typical
properties of jets or their morphology, can be found there [Plaschke et al., 2018].
However, since then, several studies that directly or indirectly contributed to the
body of knowledge regarding magnetosheath jets have been published. In the sec-
tions below, we provide a brief introduction to the jet phenomenon. Some of the
latest results are further discussed in the final chapter of this thesis.

7.1 Definition and nomenclature

As stated above, jets are dynamic pressure enhancements. Therefore, a typical
definition can be formulated as:

Pdyn ≥ 2 · Pdyn,MSH (7.1)

where Pdyn,MSH is typically defined through a moving mean or median value of a
10-20 minutes window (see e.g., [Archer and Horbury, 2013,Karlsson et al., 2015].
This is also the definition used in all the papers of this thesis.

However, the definition used in literature varies considerably (see discussion in
[Plaschke et al., 2018]). Other works have used slightly different thresholds for
the increase (e.g., 3 rather than 2 [Koller et al., 2022]) while others have used
the upstream solar wind measurements to define a jet (see e.g., [Plaschke et al.,
2013]). A good rule of thumb is to question what type of dataset is needed for
the specific analysis that is conducted. If the goal for example is to analyze jets
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close to the subsolar region, then a criterion based on the upstream solar wind
measurements works well. However, at the flanks, the bulk flow of magnetosheath
plasma accelerates, and its dynamic pressure exceeds the one upstream. Therefore,
such a criterion would not be useful, since it would classify the whole flow as a
“jet”. It should be noted, that comparing different criteria can provide a very
different dataset (see figure 6 of [Plaschke et al., 2018]). This should be taken
under consideration when comparing statistical results.

Finally, apart from the definitions, there is a large variety of different terms used
for magnetosheath jets. The first jets were reported in 1998, and were named “tran-
sient flux enhancements” [Němeček et al., 1998]. Since then, several names have
been used, such as high kinetic energy jets [Amata et al., 2011], super-magnetosonic
jets [Hietala et al., 2009] and embedded (density driven), or fast (velocity driven)
plasmoids [Karlsson et al., 2012]. It should be noted that these terms (especially jet
and plasmoid) are also typically used in other adjacent fields, for example in mag-
netic reconnection (e.g., [Samtaney et al., 2009,Khotyaintsev et al., 2019,Cozzani
et al., 2021]) and in night-side bursty bulk flows (BBFs) (e.g., [Birn et al., 2011])
studies. Again, similarly to the definition, the context, and the plasma environment
are vital when comparing “plasma jets” or “plasmoids”.

7.2 Occurrence and origin

Jets are found downstream of the Qpar shock roughly 10 times more frequently than
downstream of the Qperp shock [Vuorinen et al., 2019,Raptis et al., 2020b]. This
is also shown in the SW conditions where a smaller θBn is correlated to an increase
number of jet observations as shown by numerous studies in the past (e.g., [Plaschke
et al., 2013,Archer and Horbury, 2013,LaMoury et al., 2021]). Another upstream
condition that seem to increase the jet occurrence, in particularly close to the
magnetopause, is a high Alfvén Mach number (e.g., [Hao et al., 2016, LaMoury
et al., 2021]). Although occurrence varies significantly, typically it is expected to
obtain from 1 to 10 jets per hour of magnetosheath measurements1. Jets appear
more frequently close to the shock than close to the magnetopause [Archer and
Horbury, 2013, Palmroth et al., 2021] but upstream conditions influence how far
they may reach. Specifically, for high solar wind speed and low θBn many more will
reach the magnetopause than usual [LaMoury et al., 2021]. Finally, the occurrence
of jets also seems to vary with transient solar phenomena, namely solar flares,
stream interaction regions (SIRs), and high-speed streams (HSSs). When magnetic
ejecta of flares arrive at Earth, the number of jets seems to decrease, while during
SIRs and HSSs an increased frequency has been observed [Koller et al., 2022].

Many models can describe how jets can be formed downstream of Earth’s shock.

1 [Archer and Horbury, 2013] reported 2% of their magnetosheath dataset being classified jets
using THEMIS. A similar survey on the MMS dataset of Paper I showed matching results of ∼ 3%.
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After all, a jet is effectively an observation of enhanced density and/or velocity, and
this can be done through a series of different phenomena and associated effects.
Therefore, there may not be a single, unique way to generate jets downstream of
a shock, and depending on the observations and scales some mechanisms are more
likely to be the origin than others. To discuss some ways jets form downstream
of the shock, we separate the jets to those found downstream of Qpar shocks and
those found downstream of Qperp.

At the Qperp MSH, the relatively rare jets are associated with a variety of dif-
ferent processes. Some of them may be linked to magnetic flux tubes which are
connected to quasi-parallel transitions, while others include current sheets, recon-
nection exhausts, and mirror-mode waves [Blanco-Cano et al., 2020,Kajdič et al.,
2021b]. Small-scale jets may also be connected to Qperp shock ripples like the ones
we discuss in the previous chapter [Raptis et al., 2020b]. This, however, has not
been established or observed for now.

At the Qpar MSH, jets are typically more common, more energetic, and have a
longer duration [Raptis et al., 2020b]. Their origin has been connected to upstream
rotational discontinuities [Dmitriev and Suvorova, 2012, Archer et al., 2012] that
can change the foreshock location and therefore the local shock parameters such
as θBn, and Alfvén Mach number. Furthermore, jets could be associated with
ripples of the Quasi-parallel shock [Hietala et al., 2009,Hietala and Plaschke, 2013].
Other suggestions include the association of jets to reconnection close to the shock
[Preisser et al., 2020], or to foreshock phenomena such as HFA [Savin et al., 2012]
and foreshock cavities [Sibeck et al., 2021].

More recently, the focus has been shifted to the connection of jet formation to the
ion foreshock [Karlsson et al., 2015,Sibeck et al., 2021,Suni et al., 2021,Raptis et al.,
2022] and to the global reformation process of the quasi-parallel shock [Preisser
et al., 2020,Omelchenko et al., 2021,Raptis et al., 2022]. While a clear answer to
which mechanism is most prominent is yet to be determined, it appears that the
foreshock dynamics and the upstream waves modulating the shock properties are
directly connected to the formation of dynamic pressure enhancements in the mag-
netosheath region. An example of a hybrid simulation showing a magnetosheath
jet reaching the magnetopause is shown in Figure 7.1a. On the same figure, panel b
illustrates a secondary bow shock/wave upstream of the Earth’s bow shock due to a
foreshock transient and downstream due to the increased velocity of a jet. Finally,
Figure 7.1c shows a typical jet measured by MMS1 at the turbulent quasi-parallel
magnetosheath.
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Figure 7.1: (a) Example of a hybrid simulation illustrating the presence of a mag-
netosheath jet, abbreviated as high-speed jet (HSJ). Taken from the simulation
run by [Karimabadi et al., 2014]. (b) Schematic of secondary bow shocks/waves
caused by the upstream foreshock transient and the downstream jets. Reproduced
from [Liu et al., 2020a]. (c) Typical example of a Qpar magnetosheath jet ob-
served by MMS1. (Top — bottom): ion dynamic pressure, ion velocity vector,
reduced VDF in the x GSE direction, ion number density, magnetic field vector,
ion temperature, and ion differential energy spectrum. Reproduced from Paper VI

7.3 Importance to shock and magnetospheric physics

The study of magnetosheath jets has been motivated by several factors. First, they
provide a fascinating environment where mixing of plasma can occur, allowing fast
SW-like plasma to reach the magnetosphere without being decelerated like the rest
of the MSH plasma. Furthermore, as we discussed above, collisionless shocks are
the origin of jets, and in a sense jets can be viewed as solar wind packets slipping
through the bow shock and directly reaching the magnetosphere. Thus, jet research
is directly connected to collisionless shock research and therefore to problems that
are relevant to other fields, such as the acceleration of cosmic rays [Morlino and
Caprioli, 2012,Ginzburg and Syrovatskii, 2013].

As jets form and propagate towards the magnetopause, they may drive bow waves
in front of them, accelerating electrons [Liu et al., 2019b, Liu et al., 2020b, Liu
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et al., 2020a,Vuorinen et al., 2022] and interacting with the ambient magnetosheath,
changing the direction of the background flow and magnetic field [Plaschke et al.,
2017,Plaschke et al., 2020,Katsavrias et al., 2021]. Some of them manage to reach
the magnetopause, where they interact with it and possibly initiate magnetopause
reconnection [Hietala et al., 2018, Escoubet et al., 2020, Vuorinen et al., 2021, Ng
et al., 2021]. Furthermore, they may even contribute to direct plasma penetration,
allowing magnetosheath plasma to enter the magnetospheric region [Gunell et al.,
2012,Dmitriev and Suvorova, 2015,Karlsson et al., 2015]. Jets have also been as-
sociated with effects in the inner magnetosphere and ionosphere, causing localized
flow enhancements [Hietala et al., 2012], magnetospheric compression, and aurora
brightening [Wang et al., 2018]. A magnetosheath jet has also been connected to
the generation of a substorm [Nykyri et al., 2019], while an association between
jets and ground magnetometers observations was also recently reported [Norenius
et al., 2021]. Finally, we should also mention that jets have been associated with
the excitation of wave modes both in the magnetosheath and in the outer mag-
netosphere environment [Gunell et al., 2014,Archer et al., 2019,Katsavrias et al.,
2021,Archer et al., 2021]. We speculate on this more in the discussion chapter.





Chapter 8

Summary of the included papers

Below, a summary of the appended papers is presented.

Paper I – Classifying Magnetosheath Jets Using MMS:
Statistical Properties

In Paper I, we studied the different classes of magnetosheath jets and how their
properties vary between each category. The classification was based on whether the
jet was found downstream of the quasi-parallel or the quasi-perpendicular shock.
Since the MMS separation does not typically allow simultaneous measurements
of upstream solar wind and downstream magnetosheath, it was not possible to
estimate the angle between the bow shock’s normal vector and the IMF (θBn)
with certainty. As a result, we developed a methodology of classifying local mag-
netosheath measurements based on in-situ measurements. The algorithm used a
combination of different quantities to classify the magnetosheath regions. These in-
cluded the high-energy ion differential energy flux, the magnetic field variance and
the ion temperature anisotropy. In this manner, we generated a classified dataset
of magnetosheath jets1 with which we statistically analyzed the different classes of
jets using fast/survey measurements.

Based on our statistical observations, we concluded that jets downstream of the
Quasi-parallel shock are the most common and energetic. They typically have a
velocity (earthward) and density increase and could be connected to both ripples
and foreshock structures (e.g., SLAMS). Quasi-perpendicular jets, on the other
hand, appear to be mainly velocity-driven, with smaller duration and occur far
less frequently. Their formation may be associated with magnetic reconnection or
mirror mode wave activity. Jets found between Qpar and Qperp magnetosheath

1https://zenodo.org/record/3739553.
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transitions were named boundary jets. They had similar properties to the Qpar jets,
indicating a possibly common origin. Similarly to Qpar jets, their long duration
and high dynamic pressure make them excellent candidates for the magnetospheric
effects found in previous studies. The last category was named encapsulated jets.
These high dynamic pressure structures were found in a Qpar-like plasma, while the
surrounding magnetosheath had Qperp-like properties. They are the least common
type, and are primarily velocity-driven, with ∼ 50% of them exhibiting a density
decrease. Their origin could be connected to either the outer magnetosphere ver-
tices, dayside magnetopause reconnection or rapid changes of the IMF that cause
a swift foreshock buildup in different upstream locations.

We concluded that previously hypothesized generation mechanisms such as the
connection to bow shock ripples and foreshock structures are statistically supported.
However, there were properties that could not be explained, indicating that other
phenomena such as waves and instabilities along with acceleration mechanisms
might play an important role in jets’ formation and evolution.

Contribution: I organized the study, performed the data analysis and wrote the
article with the help of edits and comments by the co-authors.
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Figure 8.1: Examples of a quasi-parallel (a), quasi-perpendicular (b), boundary (c)
and encapsulated (d) jet. (Top — bottom): ion dynamic pressure and background
ambient level, ion velocity in GSE coordinates, reduced 1D VDFs in the x GSE
direction, ion number density, magnetic field measurements, ion temperature, and
ion differential energy spectrum. Adapted from figure 2 of [Raptis et al., 2020b].
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Paper II – Classification of Magnetosheath Jets Using
Neural Networks and High Resolution OMNI (HRO) Data

In Paper II, we used a machine learning technique (neural networks) to classify
the jets obtained from the methodology of Paper I. In particular, we focused on
differentiating between quasi-parallel (class 1) and quasi-perpendicular (class 2)
jets. Methodologically, the work corresponds to a supervised binary classification
problem, which is addressed by modeling an artificial neural network. The input
used was OMNIweb upstream measurements, and the output was the class of the
jet observed by MMS (see Paper I). To compare the accuracy of the neural net-
works, we also implemented 3 different standard techniques for the determination
of the downstream characterization, namely approximating θBn via the cone angle,
making a bow shock model, and using the coplanarity method (see Chapter 6)

Our results showed that neural networks (Figure 8.2a) outperformed all the other
methods, as shown in Figure 8.2b. It was found that the number of misclassifications
was much lower when using a neural network compared to the other methods. Fur-
thermore, we discovered that an accurate prediction of the jet class can be obtained
even in the absence of upstream magnetic field measurements (IMF) from the input
space. This was at first glimpse surprising since at least theoretically the determi-
nation of whether a shock crossing will be quasi-parallel or quasi-perpendicular is
fully determined by the IMF vector and the bow shock normal vector. However,
as we discuss in the article, three explanations could justify this result. The most
probable is that the jets are occurring under specific solar wind conditions, and the
neural network is capable of recognizing the pattern corresponding to the combina-
tion of upstream parameters associated with each class. Another reason would be
that Qpar and Qperp jets are fundamentally easier to be observed under specific
conditions, simply because their definition is threshold-based. Since their criterion
relies on a percentage increase, a very low velocity and density environment would
require a smaller absolute increase. Such biases could exist in our dataset, and in
that case, the neural network would exploit them. Finally, one of the most intrigu-
ing suggestions is that different solar wind classes exist, corresponding to plasma
properties that favor the generation of a particular IMF. This in turn can adapt
the foreshock formation and produce different Qpar and Qperp shock transitions
taking place upstream of the MSH jet observations.

Contribution: I organized the study, performed the data analysis and wrote the
article with the help of edits and comments by the co-authors.
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Input Layer ∈ ℝ¹² Hidden Layer ∈ ℝ²⁰ Hidden Layer ∈ ℝ²⁰ Output Layer ∈ ℝ²

(1) Qpar jet
(2) Qperp jet

...

...

...

a

b
Class Neural network (B)

(%)
Neural network (No -B)

(%)
𝜽𝒄𝒐𝒏𝒆

(%)
Coplanarity

(%)
Modeling

(%)

Qpar 98 95 61 81 74

Qperp 88 87 94 79 86

Method

Results

Figure 8.2: (a) Schematic of the neural network architecture, input, and output that
was used. (b) Results of the classification made by the neural network with and
without IMF as input, along with the results by the θcone, coplanarity method, and
bow shock modeling methods. Adapted from figure 3 and tables 4 and 5 of [Raptis
et al., 2020a].
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Paper III – Magnetosheath Jet Evolution as a Function of
Lifetime: Global Hybrid-Vlasov Simulations Compared to
MMS Observations

In Paper III, we compared the statistical properties of magnetosheath jets observed
by MMS with the ones simulated by the Vlasiator global-Vlasov model. Compared
to the dataset introduced in Paper I, we had to post-process the dataset to better
resemble the initial (upstream) condition set by Vlasiator simulations. Doing so,
we used 6142 jets from MMS and 924 jets from Vlasiator and compared them sta-
tistically. An example of how jets are observed in measurements and in simulations
is shown in Figure 8.3.

Our results showed that Vlasiator is in quantitative agreement with MMS obser-
vations. After confirming that the physical picture of the jet phenomenon is well
captured by Vlasiator, we used the simulated measurements to see how jets evolve
while propagating in the magnetosheath region. We showed how the jet density,
dynamic pressure and magnetic field magnitude decrease as they travel towards
the magnetopause. Furthermore, the shape of jets gets more flattened while they
maintain their speed and direction. Moreover, we showed that for low upstream
Alfvén Mach numbers, jets in Vlasiator are shorter and have a lower dynamic pres-
sure and absolute magnetic field compared to the ones simulated with high Alfvén
Mach numbers. Finally, the overall statistics of the Vlasiator jets showed that jet
flows are typically colder than the surrounding plasma, similar to what has been
previously reported in other observational works (e.g., Paper I).

Contribution: I performed the data analysis of the MMS measurements. I also
wrote parts of the article concerning the determination and analysis of the obser-
vations. Finally, I contributed to the discussion and conclusions of the paper.
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Figure 8.3: Examples of a quasi-parallel jet as shown by Vlasiator (left), and MMS
(right). (Top — bottom): ion dynamic pressure, ion velocity in GSE coordinates,
ion number density, magnetic field measurements, ion differential energy spectrum,
ion number density and ion temperature. Reproduced from Figure 2 of [Palmroth
et al., 2021].
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Paper IV – On The Generation of Pi2 Pulsations due to
Plasma Flow Patterns Around Magnetosheath Jets

In Paper IV, we focused on a case-study event, using THEMIS measurements,
showing a magnetosheath jet associated with Pi2 pulsations that first appear in
the magnetosheath region and later in the magnetosphere. THEMIS-A resides in
the turbulent magnetosheath, observing pulsations in two frequency ranges (7.6 -9.2
and 12-17 mHz). These pulsations were found to be associated with the after flow
(AF) of the jet, corresponding to a stagnated flow occurring immediately after the
jet observation downstream of a quasi-parallel shock crossing (Figure 8.4). While
the observations of the jet correspond to a typical quasi-parallel magnetosheath
plasma, the upstream IMF has a clear rotation which indicates that THEMIS-A
resides downstream, in proximity to the boundary of the ion foreshock.

After performing cross-wavelet analysis with THEMIS-D which was located in-
side the magnetosphere, it was found that the pulsations were coherently observed
inside the magnetosphere with a 140-second time lag. The propagation time corre-
sponds to a disturbance travelling approximately at the same speed as the computed
Alfvénic speed. These results suggest that high-speed jets and their interaction with
the background magnetosheath are associated with the excitation of irregular pul-
sations in the Pi2 frequency range. While the origin of these pulsations could not be
determined due to the lack of upstream measurements, we argue that the frequency
range is such that it makes a foreshock origin unlikely. As a result, the interaction
of the jet with the background flow is a more probable cause, allowing the waves
to be generated locally in the magnetosheath.

Contribution: I did part of the data analysis regarding the characterization of
the magnetosheath jet and its surrounding plasma environment. I generated and
motivated Figure 1 of the manuscript. Finally, I contributed to the writing of the
discussion and conclusions of the article.
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Figure 8.4: Observations of THEMIS-A residing in the magnetosheath. (Top —
bottom): (a) ion density and dynamic pressure, (b) ion velocity, (c) magnetic field
vector, (d) ion energy spectrum, (e) wavelet spectrum of B2. Confidence intervals
(CI) are provided as black solid lines for the wavelet spectrum of panel (e) and
as red dotted line for the left panel. The horizontal dotted lines indicate the jet
observations and the after flow (AF) region. Adapted from Figure 2 of [Katsavrias
et al., 2021].
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Paper V – Downstream High-speed Plasma Jet Generation
as a Direct Consequence of Shock Reformation

In Paper V, using MMS, we showed how the bow shock’s cyclic behavior along
with the evolution of its upstream waves can generate high-speed jets in Earth’s
magnetosheath. To do so, we used all MMS spacecraft during a string-of-pearl
campaign in order to accurately observe the formation of a magnetosheath jet close
to the bow shock. Due to the larger than usual separation, we were able to capture a
fortunate case in which MMS2 resides upstream of the shock while MMS3 observed
the equivalent downstream (shocked) plasma.

As shown in Figure 8.5a the shaded red area (1) corresponds to a compressive
magnetic structure (i.e. a SLAMS) forming the local bow shock front. The same
structure is observed from all the MMS satellites, starting from furthest from the
Earth (MMS2) all the way to MMS3. By cross-correlating the magnetic field sig-
nals, we showed how structure (1) is moving towards the Earth. While structure
(1) moves downstream, a new shock front emerges, initially observed by MMS4,
by the shaded area number (2). This new structure encloses the solar wind and
completes a reformation cycle. The solar wind along with its initially upstream
foreshock waves are now effectively downstream of the new shock front, giving rise
to a magnetosheath jet (Figure 8.5b).

The jet has typical properties when viewed by the FPI measurements, with an
increase in both density and velocity corresponding to an increase of ∼ 200% in
dynamic pressure. Furthermore, a partial moment derivation showed that the ve-
locity of the jet remains supermagnetosonic with respect to the Earth, indicating
the origin of the jet to be the undisturbed upstream solar wind. The presented
generation mechanism showed that downstream jet observations are a result of the
evolution of the upstream waves found in the solar wind, along with its entrapment
by the cyclic reformation of the quasi-parallel bow shock.

Contribution: I organized the study, performed the data analysis and wrote the
article with the help of edits and comments by the co-authors.
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Figure 8.5: (a) (Top — bottom): magnetic field measurements for MMS2, MMS1,
MMS4, and MMS3. All measurements are time-shifted with respect to MMS1
(black square) and each panel indicates the time lag used for each spacecraft. (b)
(Top — bottom): ion dynamic pressure along with solar wind and magnetosheath
background level, ion velocity, reduced 1D Velocity Distribution Function (VDF)
in the x GSE direction, ion number density, magnetic field measurements, and dif-
ferential energy spectrum. The red-shaded regions correspond to the compressive
structures acting as the local shock fronts, while the patterned red-shaded region
show how the first structure evolved. The shaded blue region corresponds to the
upstream waves observed by MMS1, 2 and 4 while the magnetosheath jet observa-
tion (purple) is observed by MMS3. Adapted from figures 6 and 7 of [Raptis et al.,
2022].
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Paper VI – On Magnetosheath Jet Kinetic Structure and
Plasma Properties

In Paper VI, using MMS, we examined a typical jet downstream of the turbulent
quasi-parallel magnetosheath and showed jets are inherently kinetic structures. In
particular, we focus on the characterization and evolution of the jet velocity dis-
tribution function (VDF) and on the derivation of partial plasma moments. Our
analysis showed that jets can have a highly variable VDF throughout their life. The
measured VDFs exhibit both a cold/fast jet beam and a hotter/slower background
magnetosheath population. As a result, the jet is shown to co-exist and interact
with the background plasma, highlighting the limitations of the single fluid treat-
ment used in previous studies.

To derive the partial moments in order to isolate the jet population from the back-
ground plasma, we used two different methods. The first approach was to cut parts
of the VDF based on the measured thermal spread (“cut”) and the other was to
fit two Maxwellian distributions to characterize the two existing populations, the
jet, and the background MSH independently (“fit”). The methods along with the
derived partial moments are illustrated in Figure 8.6. The study of the partial mo-
ments and the corresponding VDFs showed that jets have properties more similar to
the non-shocked upstream solar wind and its associated foreshock structures than
previously thought, providing insight to their origin. Finally, we suggest that jets
can drive waves by interacting with the magnetosheath and may also remain super-
magnetosonic as they propagate towards the magnetopause, which could possibly
allow them to drive shock waves close to the magnetosphere.

Contribution: I organized the study, performed the data analysis and wrote the
article with the help of edits and comments by the co-authors.
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Figure 8.6: (a) (Top — bottom): ion velocity in the x GSE direction, ion number
density and ion temperature from the original MMS full moments and for the
three different approaches (fit, cut, cut & fit) discussed in Paper VI methodology
section. The 1D reduced VDFs that are fitted are smoothed by averaging over ±
1 measurement points. The dotted lines show t1 which is the time of maximum
dynamic pressure and t2 which is the time of maximum absolute velocity. (b) 2D
reduced VDFs in xy GSE coordinates for t1 and t2 with removed data corresponding
to measurements with higher velocity than a sphere with a radius of a thermal
velocity (Vth). (c) 1D reduced VDFs in x GSE coordinate for t1 and t2 fitted with
the sum of two Maxwellian distributions. The “cut & fit” method produced results
that were virtually identical to the ones shown in panel (c). Reproduced from
Figure 3 of Paper VI.





Chapter 9

Discussion and outlook

At the introduction, we stated that in this thesis we will be trying to answer three
questions:

1. How do jets form?

2. What are their typical properties, and how are these related to Earth’s bow
shock?

3. How do jets evolve, and how do they interact with the magnetosheath plasma?

The questions have been addressed throughout the papers included in the thesis,
but we will summarize the main points. Starting with the first question, we already
mentioned that there can be more than one mechanism involved in the generation
of jets. Our work provided observational evidence of a new mechanism for the
generation of high-speed jets. As shown in Paper V, jets can form through the shock
reformation and the evolution of upstream waves. This, however, does not rule out
other mechanisms such as the association to ripples and even more to the connection
with FCS that Papers I, III, and VI provided support for. FCS are essentially the
building blocks of the reforming Qpar shock, making both mechanisms compatible.

In Papers I and II, we focused on the statistical properties of jets. In contrast to
previous work, our analysis consisted of first classifying jets with respect to the
geometry of the shock they originated from, before proceeding to analyze them.
This new approach allowed us to see how Qpar jets have properties reassembling
upstream foreshock structures (e.g., SLAMS) and undisturbed solar wind. Different
statistical trends were obtained for other classes of jets, while the overall properties
appear to vary considerably between each class. In Paper III, we continued the
statistical investigation by comparing simulated data with observations.
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Regarding the jet evolution, in Paper III, we also focused on how properties of
simulated jets vary from their formation at the shock to the end of their journey
at the magnetopause. The obtained variability, highlighted that the interaction
with the background magnetosheath can have a clear effect on the jet development
and on its properties. In Paper IV, we showed that it is not only the jet that gets
affected, but also the background magnetosheath. It appears that magnetosheath
jets can be connected to the excitation of Pi2 pulsations that are later observed
inside the magnetosphere region. Finally, in Paper VI we showed in detail how
jets are kinetic structures, affecting the magnetosheath and getting affected by
their interaction with the ambient population. The measured VDFs can exhibit
more than one plasma population (jet and background), highlighting the limitation
of single fluid modeling. This result also showed that jets may drive waves and
indicated the complexity of their anatomy.

In the process of addressing these questions, more objectives were obtained. While
the statistical datasets used for Papers I, II, and III are available, an updated
list with further description is provided. The current MMS jet dataset contains
both fast/survey and burst measurements, and is described in the table 9.1, while
it can be accessed by its associated Zenodo link1 [Raptis, 2022]. This version of
the dataset has not been peer-reviewed, and suggestions or questions are welcome.
Below we discuss a few ways to use this list along with other available material to
continue the investigation of magnetosheath jets and answer some of their unsolved
long-lasting questions.

It should be noted that Papers V and VI are case studies taken from this list for
cases that contained burst measurements. As a result, this dataset can be used not
only for statistical research, but also to investigate particular cases of jets. Many of
the results we showed in this thesis originated from the clear separation of jets in
different classes. Such separation can reveal important properties. When dealing
with a phenomenon that can originate from several different underlying processes,
a classification is a vital pre-process step to conduct proper statistical analysis.
As shown in Paper I, analyzing Qpar jets showed an anti-correlation between the
temperature and velocity change of jets, indicating that jets can be viewed as
“less heated” solar wind. Furthermore, a correlation between density and magnetic
field increase was found, pointing towards a relation with foreshock structures that
exhibit similar trends. An updated and clearer version of this result is shown with
a subset of jets from the “border” category, shown in Table 9.1. In Figure 9.1 we
used a small part of the dataset that we determined as being close, yet downstream
of a quasi-parallel bow shock crossing. Such correlations would appear different, if
not fully absent, if one takes all observed jets under consideration. For example,
in the case of Qperp jets, an anti-correlation between maximum magnetic field and
density difference was obtained. Combining such diverse datasets that most likely

1Accessible via https://zenodo.org/record/7085778.

https://zenodo.org/record/7085778
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Table 9.1: Classified dataset of magnetosheath jets observed by MMS1 during the
period 05/2015 – 06/2020 (N=9196). Final cases correspond to the manually veri-
fied jets, used in the papers of this thesis. The number in a parenthesis correspond
to the number of jets having full burst data available.

Subset Number Percentage (%)
Quasi-parallel 2928 (428) 31.8

Final cases 901 (84) 9.8
Quasi-perpendicular 1229 (34) 13.6

Final cases 213 (3) 2.3
Boundary 1505 (204) 16.4

Final cases 191 (35) 2.1
Encapsulated 67 (32) 0.73

Final cases 60 (31) 0.65
Other 3467 (753) 37.7

Unclassified 1921 (255) 20.9
Border 1500 (495) 16.3
Data Gap 46 (3) 0.5

originate from totally different mechanisms can provide misleading results.

Many questions on jet research still remain open, and most can be found in a recent
review paper [Plaschke et al., 2018]. However, below, we briefly discuss the ones
we find particularly interesting and relevant to the latest results of this thesis.

How are jets connected to the excitation of waves in the
magnetosheath and magnetosphere region?

As shown in many studies (e.g., [Gunell et al., 2014,Archer et al., 2019,Archer et al.,
2021], including Paper IV of this thesis, jets can excite waves both while propa-
gating in the magnetosheath but also when they hit the magnetopause. Recently,
it has been shown that in the turbulent Qpar magnetosheath whistler waves can
be generated (e.g., [Svenningsson et al., 2022]). This result may be affected by the
presence of jets that contain distributions similar to the ones shown in Paper VI
(see, e.g., Figure. 8.6). Such non-Maxwellian VDFs can be found in Earth’s MSH
(e.g., [Graham et al., 2021]) and in other plasma environment have been shown
to excite waves (e.g., comets [Odelstad et al., 2022]). However, it is very hard
to determine whether waves associated with jets are directly caused by the jet or
due to embedded magnetic structures from the foreshock region that may also be
transmitted together. The exact relationship between fast plasma flows and wave
excitation is important in magnetospheric physics, as fundamental phenomena such
as magnetic reconnection appear to be affected by the presence of waves (e.g., [Gra-
ham et al., 2022]). A proper statistical analysis of different plasma environments
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Figure 9.1: (a) Difference between the maximum observed ion velocity and the
background one plotted against the difference between the minimum observed ion
temperature and the background one. (b) Difference between the maximum ob-
served ion density and the background one plotted against the difference between
the maximum observed magnetic field magnitude and the background one. Linear
regression lines are shown for visual guidance, while Pearson correlation coeffi-
cients, p-values and confidence intervals (CIs) are also included. The subset used
for this plot contains Qpar jets found very close to a Qpar bow shock transition.
Unpublished results.

with and without the presence of plasma jets could determine whether jets are a
statistically significant factor for the excitation of waves locally or not. For the
connection to magnetospheric effects, such statistical work is difficult due to the
necessity of simultaneous measurements. As a result, global computer simulations
may be a preferable approach.

How do jets properties evolve as they propagate in the
magnetosheath?

Several studies have tried to address how properties and occurrence of jets change
from the bow shock to the Earth (e.g., [Archer and Horbury, 2013,Palmroth et al.,
2021,LaMoury et al., 2021]). For our part, in Paper VI we showed how the VDFs
of a jet display an interaction with the background magnetosheath, indicating that
its properties will most likely change as it propagates towards the magnetopause
(Figure. 9.2). In Paper I, we also discussed how certain classes of jets are more
prominent at different distances from the bow shock and magnetopause, possibly
contributing to the difference in their statistical properties. However, there are still
open questions to be addressed. The next step in determining the evolution of jets
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in the magnetosheath could consist of the evaluation of the kinetic properties of jets
as simulated by hybrid simulations or through the usage of conjunctions of different
satellite missions. Such conjunctions can offer complementary measurements to see
how a jet observed in different stages of its life changes as it interacts with the
background magnetosheath.
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Figure 9.2: Illustration of the evolution of a jet compared to the background magne-
tosheath. Jet observations from MMS are shown for four different occasions. (Left
— right): Pre-jet magnetosheath corresponding to average distribution of 50 mea-
surements during 13:39:14 – 13:39:21 of 2018-12-5, t1 corresponding to the peak of
ion dynamic pressure, t2 corresponding to the peak of absolute ion velocity, post-
jet magnetosheath corresponding to an average distribution of 40 measurements
during 13:39:41 – 13:39:47 of 2018-12-5. (a) Schematic of the interaction and the
corresponding density/velocity profiles of the jet and background magnetosheath
population. Blue circles represent the jet population and gray the background
magnetosheath. (b) 1D reduced VDFs in x GSE coordinates and parallel to the
magnetic field. (c) 2D reduced VDFs in GSE coordinates. Reproduced from Figure
4 of Paper VI.

What is the connection between foreshock structures and
magnetosheath jets?

Recently, it was argued that up to 75% of jets can be connected to foreshock
compressive structures (i.e., shocklets, SLAMS etc.) [Suni et al., 2021]. In Paper
V we essentially provided observational evidence that reformation of the shock can
generate downstream jets. Simultaneously, we showed an example of a SLAMS
also being potentially classified as a jet due to its enhanced density. According
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to these results, the components of the shock (FCS) or its non-stationary nature
(reformation) are causing jets to form. However, there are still observations of jets
that have a considerable duration (and therefore size) that make them unlikely to be
originating from these mechanisms (see e.g., MMS observations of [Escoubet et al.,
2020]). A jet with a duration of more than 30 seconds and a velocity of higher than
300 km/s corresponds to scales that are significantly higher than those for example
reported for SLAMS. These could perhaps result from a large-scale reformation
process and FCS pileup combined effect. However, there are cases where the jet
duration and associated magnetic field do not have such signatures (see e.g., Figure
8.1(d)). Can these large-scale jets be the ones associated with large scale Qpar
ripples or with rotational discontinuities? While significant efforts have been made
in the last few years, there is still no clear answer. Determining how prominent
each mechanism is requires a more detailed approach. Specific predictions of scales
and properties need to be made for each mechanism. Then, these predictions can
be tested with observations to provide a confidence level for the likelihood of each
mechanism. Another approach would require 3D simulations to be made in order
to capture events such as ripples and reformation in their full extent and compare
the different properties observed. This could be done similarly to previous works
(e.g., [Hao et al., 2017,Preisser et al., 2020]) but with a global view and a statistical
approach.

Are jets a universal collisionless shock phenomenon?

Apart from Earth’s bow shock, collisionless shocks can occur in laser-driven ex-
periments (e.g., [Boella et al., 2021, Yamazaki et al., 2022]) and reformation has
been observed even in laboratories (e.g., [Yao et al., 2021]). One could then hy-
pothesize that if jets are fundamentally connected somehow to the foreshock or
the reformation process (e.g., [Raptis et al., 2022]), maybe small-scale high-speed
jets are also a universal property of collisionless shocks. Also, in principle similar
phenomena can appear in some other planetary (e.g., Mercury: [Karlsson et al.,
2016]), astrophysical, and even laboratory shocks (see discussion in [Plaschke et al.,
2018]). However, with the very few studies available, and the very different shock
environments, it is hard to directly answer this question. Simulations that cover a
wide range of shock parameters could provide insight on this issue. Furthermore,
with future missions and with collaborations of fields that work with different shock
environments, proper investigations can take place to provide a definitive answer.

What are the magnetospheric effects of jets?

Very recently, several articles have focused on the effects of dayside transient phe-
nomena on the inner magnetosphere. These include review papers (e.g., [Zhang
et al., 2022]) and research articles (e.g., [Wang et al., 2022]). However, most of these
studies fail to address the connection these phenomena have to magnetosheath high-
speed jets. Similarly, high-speed jets research focusing on magnetospheric effects,
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fail to address the connection with foreshock and solar wind transients (e.g., [Nore-
nius et al., 2021]). This is expected since the main expertise of each research group
is typically focused on a specific phenomenon/environment. The same issue essen-
tially applies to the work presented in this thesis. As a result, we still do not have
a clear answer whether it is jets or other phenomena (e.g., associated foreshock
transients) that are the underlying cause of the observable magnetospheric effects.
Similar to the wave excitation discussion above, to unravel the situation, a careful
statistical study needs to be done where the presence of either or both phenomena
take place. As this is difficult due to the data availability, simulations would be a
better candidate to provide initial indications.

9.1 Outlook and final words

In this thesis, we have investigated the origin and properties of magnetosheath jets.
The MMS mission and its state-of-the-art instrument provided us with opportuni-
ties to investigate these issues in a novel way. The next step of jet research but
also of the general space, shock and magnetospheric observational field greatly re-
lies on the availability of well-organized datasets. There are considerable efforts
made to provide such datasets, like the SHARP project2, where one can obtain
a shock database with MMS, Cluster, and THEMIS data (see also [Lalti et al.,
2022a]). Similar efforts have been made to provide classified plasma regions (e.g.,
for MMS [Breuillard et al., 2020, Olshevsky et al., 2021]). Such openly available
datasets are vital to conduct conjunction studies and to combine the data products
of several missions. These datasets can also be combined with inner magnetospheric
missions such as the Van Allen probe (VAP) or the Arase3. Then researchers can do
even more advanced conjunction studies and perform multi-mission investigations
of phenomena that appear in vastly different environments. As we discussed briefly
above, this is an intriguing approach to solve many of the open questions regarding
jets. However, similar open questions exist for many transient events of foreshock
and SW origin. Some of these, like shocklets, SLAMS, or magnetic Holes (MHs),
may have similar effects as jets. As a result, similar conjunction-based studies could
be applicable to these phenomena and may provide insight on their possible effects
as well. An illustration of dayside transient phenomena and their relevance to the
Earth’s magnetospheric environment is shown in Figure 9.3.

In combination with the data sets described above, the usage of large-scale simula-
tion projects, such as Vlasiator [Palmroth et al., 2018a] will certainly be useful in
the efforts to tackle the current open questions. More projects have recently started
working on the combination of different modeling techniques to address multi-scale
issues (see discussion of Chapter 5) such as the MAGE model from the Center for

2Accessible via : https://sharp.fmi.fi/.
3Formerly known as Exploration of energization and Radiation in Geospace (ERG).

https://sharp.fmi.fi/
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Figure 9.3: Illustration of the Earth’s magnetospheric environment. The tran-
sient events appearing in the solar wind and magnetosheath region such as mag-
netosheath jets, SLAMS and MHs may be the cause of several effects observed
throughout the geospace environment.

Geospace Storms4. Furthermore, the usage of observational data for the enhance-
ment of computer modeling is also a very promising approach. This can be done
through data mining (e.g., [Sitnov et al., 2021a, Sitnov et al., 2021b]) or through
data assimilation techniques (e.g., [Kalnay, 2003,Millas et al., 2020, Zhelavskaya
et al., 2021]).

The use of simulations can be motivated and amplified by the usage of datasets

4More information can be found via https://cgs.jhuapl.edu/Models/mage.php.

https://cgs.jhuapl.edu/Models/mage.php
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obtained though recent missions that explore different environments. For example,
NASA’s Parker Solar Probe launched in 2018 [Fox et al., 2016], and ESA’s Solar
Orbiter in 2020 [Müller et al., 2020], are two missions that will help to address
various solar physics questions. On planetary environments, ESA’s/JAXA’s Bepi-
Colombo launched in 2018 to study Mercury [Benkhoff et al., 2010] and NASA’s
MAVEN launched in 2013 to study Mars [Jakosky et al., 2015], are two notable
missions that can be used to study the universality of the phenomena observed
at Earth. Furthermore, future missions are also expected to contribute signifi-
cantly. Examples are, ESA’s Solar wind Magnetosphere Ionosphere Link Explorer
(SMILE) that concentrates on measuring the solar wind and its interaction with
the magnetosphere [Raab et al., 2016], or NASA’s Sun Radio Interferometer Space
Experiment (SunRISE) that focuses more on radio emission from the Sun [Kasper
et al., 2021]. Directly relevant to collisionless shocks, there are ongoing proposed
missions focusing on objectives that could also be extremely useful to tackle ques-
tions relevant to transient phenomena occurring close to shock environments. For
example, the Multi-point Assessment of the Kinematics Of Shocks (MAKOS) mis-
sion has been suggested with a goal to understand the partition and conversion of
energy at collisionless shocks.

Finally, regardless of the origin of a dataset, whether it is observational or computer
simulated, the use of statistical applications in an automated way based on the uti-
lization of supercomputers has been expanding in many fields. We very briefly
touched the relevant topic of a particular machine learning algorithm (neural net-
works) in this thesis. However, there are many even more advanced techniques
that are already used in physical research, such as physics-informed neural net-
works (e.g., [Camporeale et al., 2022]), generative adversarial networks (e.g., [Pa-
ganini et al., 2018]) and unsupervised learning approaches like self-organizing maps
(e.g., [Innocenti et al., 2021]). These techniques should be carefully considered in
future investigations, since they have already provided intriguing results and are
widely used in many adjacent fields. The wide usage of these techniques is also
accompanied by a rapid development, originating from different scientific fields, of
both new applications (e.g., [Callaham et al., 2021]) but also of new evaluation
metrics (e.g., [Chicco and Jurman, 2020]). Understanding the applicability of these
advances is crucial for modernizing and developing any scientific field, including
space physics. These new approaches along with proper physical understanding of
the underlying phenomena can enable future research to answer not only jet related
questions, but also to address fundamental collisionless plasma challenges.
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[Kucharek et al., 2004] Kucharek, H., Möbius, E., Scholer, M., Mouikis, C., Kistler,
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