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ABSTRACT

The solar wind is decelerated at the Earth’s bow shock, after which it flows around
the magnetosphere in the magnetosheath. Amidst the shocked plasma, faster flows
can be often observed. These dynamic pressure enhancements, called magnetosheath
jets, form as part of shock dynamics, and some of them can ultimately collide into the
boundary of the magnetosphere, launching disturbances inside the magnetosphere.
In this thesis, we study various aspects of magnetosheath jets to improve our under-
standing of their contribution to solar wind—magnetosphere interaction.

We use subsolar magnetosheath observations of the Time History of Events and
Macroscale Interactions during Substorms (THEMIS) spacecraft and OMNI solar
wind data to study where and under which solar wind conditions jets occur. The ori-
entation of the interplanetary magnetic field (IMF) strongly controls jet occurrence
and we find that jets are nine times more common downstream of the quasi-parallel
shock than the quasi-perpendicular shock. Further analysis reveals that low IMF
magnitude, high Alfvénic Mach number, and high plasma beta increase their occur-
rence in the quasi-perpendicular regime. We create a statistical model of jet occur-
rence to reconstruct their yearly occurrence throughout solar cycles 23 and 24. Our
results suggest that there is no substantial variation across the solar cycle.

We also investigate acceleration of electrons at bow waves/shocks ahead of the
fastest jets. We use a one-dimensional Monte Carlo model, where electrons are en-
ergized by shock drift acceleration at the jet-driven bow wave/shock amplified by a
collapsing trap that forms between the bow wave and the magnetopause. We find that
the simulated energy flux increases of suprathermal electrons are comparable to pre-
vious observational results, indicating that such a process could explain the observed
energization. Transient structures both upstream and downstream of the Earth’s bow
shock contribute to the total acceleration in the system.

Finally, we study whether jets can be expected to alter conditions for magne-
topause reconnection. Our analysis of THEMIS data shows that magnetic field is
more variable inside jets than typically in the magnetosheath. Most jets contain pe-
riods of polarity opposite to the prevailing IMF, suggesting that jets may potentially
modulate local conditions for reconnection. Magnetopause reconnection is a signifi-
cant process in solar wind—magnetosphere interaction and our results motivate future
studies where direct and indirect signatures of jets influencing reconnection should
be investigated. Their total contribution on the system must arise from their numbers.

KEYWORDS: space physics, solar wind, magnetosheath jets, magnetosphere
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THVISTELMA

Aurinkotuuli hidastuu Maan keulashokilla ja virtaa Maan magnetosfddrin ohi tur-
bulentissa vilivyohykkeessa. Sielld havaitaan usein myos nopeita suihkuvirtauksia,
joilla on ympirdivad plasmaa korkeampi dynaaminen paine. Ndmé suihkuvirtaukset
muodostuvat osana keulashokin dynamiikkaa ja puskevat ympérdivin plasman ldpi
kohti magnetosfidirin ulkoreunaa, johon iskeytyessddn ne voivat aiheuttaa hairioti
magnetosfiirissd. Téssd tutkielmassa tutkimme vilivyohykkeen suihkuvirtauksien
esiintyvyyttd ja vaikutuksia osana aurinkotuulen ja magnetosfiirin vuorovaikutusta.

Hy6dynsimme Time History of Events and Macroscale Interactions during Sub-
storms -satelliittien (THEMIS) havaintoja ja OMNI-aurinkotuulidataa tutkiessam-
me missd ja millaisissa aurinkotuulen olosuhteissa suihkuvirtauksia esiintyy. Pla-
neettainvilisen magneettikentin (IMF) suunta on tirkein esiintyvyyttd kontrolloiva
parametri, ja tulostemme mukaan virtaukset ovat yhdeksin kertaa yleisempii pit-
kittdisen kuin poikittaisen shokin alavirrassa. Tarkempi analyysimme paljasti, etti
poikittaisella shokilla esiintyvyyttd kasvattaa alhainen IMF:n voimakkuus ja korkeat
Alfvénin Mach-luku ja plasman beeta. Kehitimme tilastollisen mallin muodostaak-
semme suihkuvirtausten vuosittaisen esiintyvyyden aurinkosykleille 23 ja 24. Tulos-
temme mukaan esiintyvyydessi ei ole merkittdvid muutoksia aurinkosyklin aikana.

Tutkimme myds nopeimpien suihkuvirtausten ajamien keula-aaltojen/-shokkien
elektronikiihdytystd. Oleellisimmat fysikaaliset elementit sisdltdvissa yksiulotteises-
sa Monte Carlo -mallissamme elektronit kiihtyvit shokin ajautumakiihdytysproses-
sissa ja shokin ja magnetopausin muodostamassa magneettisessa loukussa. Mallin-
nettu supratermisten elektronien energiavuon kasvu on verrattavissa aikaisempiin sa-
telliittihavaintoihin, eli vastaavanlainen prosessi voisi selittdd havaittua elektronikiih-
dytystd suihkuvirtausten keula-aalloilla. Sekd yl4- ettd alavirran lokaalit rakenteet
vahvistavat hiukkaskiihdytystd Maan keulashokin ympéristossa.

Lopuksi tutkimme suihkuvirtausten mahdollista kykyi vaikuttaa magnetopausin
rekonnektioon. THEMIS-datan analyysimme perusteella suurin osa suihkuvirtauk-
sista sisdltdd IMF:n suunnalle vastakkaista magneettikenttdi, eli ne voivat mahdolli-
sesti aiheuttavaa paikallisia muutoksia rekonnektion olosuhteisiin magnetopausilla.
Magnetopausin rekonnektio on tirked prosessi, jossa aurinkotuulen energiaa siirtyy
magnetosfidriin. Tuloksemme motivoivat tulevia tutkimuksia, joissa suihkuvirtaus-
ten vaikutusta rekonnektioon tulisi mitata suorilla ja epédsuorilla havainnoilla. Suih-
kuvirtausten kokonaisvaikutus syntyy niiden yleisyydesti lipi aurinkosyklin.

ASIASANAT: avaruusfysiikka, aurinkotuuli, suihkuvirtaukset, magnetosfaari
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1 Introduction

The interplanetary space is not completely empty. Our planet is immersed in a flow
of plasma coming from the Sun — the solar wind. As it leaves from the Sun, the solar
wind carries the solar magnetic field with it, which forms the interplanetary magnetic
field (IMF). Upon arriving at the Earth, the solar wind plasma and magnetic field in-
teract with the Earth’s magnetosphere, a protective bubble formed by our planet’s
intrinsic magnetic field. The properties of the solar wind vary in relation to different
source regions on the Sun, and the distribution of these source regions varies across
the solar cycle. Near the solar maximum, the solar wind is also frequently embedded
with large-scale solar wind structures, e.g., coronal mass ejections (CMEs), which
introduce large variations and extreme conditions upon reaching the Earth. The solar
wind conditions at the Earth control how much solar wind energy and mass can enter
the magnetosphere (Bothmer and Zhukov, 2007). Sometimes the wind blows harder,
sometimes gentler, and the magnetosphere responds by becoming compressed, or by
expanding. The orientation of the IMF is of particular significance for this interac-
tion. When it is oppositely aligned to the Earth’s magnetic field, these two fields can
merge in a process called magnetic reconnection, essentially creating an opening for
solar wind plasma and energy to access the magnetosphere.

Solar wind—magnetosphere interaction leads to a plethora of effects in the near-
Earth space, of which part can be called space weather. This term encompasses
variable phenomena in space that can have adverse effects on human technology,
infrastructure, and life in space and here on the ground (Bothmer and Daglis, 2007).
Humans and satellites in space are vulnerable to particle radiation, while severe space
storms cause magnetic disturbances on the ground that can induce hazardous currents
into pipelines and power grids. Space physics studies phenomena in space and their
relation to space weather, which is becoming ever more important as our civilization
relies on these technological systems that can be vulnerable to space weather effects.
Space physics is also adjacent to the field of astrophysics, but distinguished by the
availability of a wide range of in-situ spacecraft measurements.

In this thesis, we investigate in-situ observations of the Earth’s bow shock and
its downstream region, the magnetosheath. The bow shock forms when the solar
wind first meets the Earth’s magnetosphere. Due to the supersonic nature of the
solar wind, the flow cannot simply divert around the obstacle, but a shock wave
forms, where the solar wind is abruptly slowed down, compressed, and heated. In
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the region downstream of the shock, the flow is subsonic and can divert around the
magnetosphere. Thus, it is actually the shocked solar wind in the magnetosheath
that ultimately interacts with the magnetosphere. The Earth’s bow shock is our best
laboratory for collisionless shocks, which exist in plasmas throughout the Universe,
e.g., ahead of other planetary bodies, driven by fast CMEs, and around supernova
remnants. Shocks are important sites for particle acceleration in the heliosphere,
and shocks at supernovae remnants are believed to accelerate cosmic rays. Studying
the Earth’s bow shock with all available in-situ measurement techniques allows us
to make fundamental discoveries that help us understand shock waves also in other
environments.

The strongest disturbances in the magnetosphere and the ionosphere can be at-
tributed to variations in the upstream solar wind. However, the Earth’s magneto-
sphere and the bow shock system are highly dynamical systems in and of themselves,
too. Studying the Earth’s magnetosheath, we find that even during steady solar wind
conditions faster flows occasionally emerge from the shock and travel deeper in the
magnetosheath (Plaschke et al., 2018, and the references within). These flows are
called magnetosheath jets, and they are defined by their higher anti-sunward dynamic
pressure compared to the surrounding ambient magnetosheath plasma. Jets can prop-
agate through the magnetosheath and push against the boundary of the Earth’s mag-
netosphere, the magnetopause, perturbing the magnetosphere and the ionosphere.
Magnetosheath jets are very common during certain solar wind conditions, but the
significance of their contribution to solar wind—magnetosphere interaction is still not
well understood.

In this thesis, we answer the following research questions:

1. Where and during which solar wind conditions do magnetosheath jets occur?
2. How does the jet occurrence vary across the solar cycle?

3. How do bow waves driven by the fastest jets accelerate electrons in the mag-
netosheath?

4. Can jets introduce magnetic field variations at the magnetopause which could
influence conditions for magnetopause reconnection?

Studying where, when, and how often jets form is the first step towards understand-
ing their relevance for the solar wind—magnetosphere interaction. Understanding the
conditions in which jets emerge also allows us to make predictions on the existence
of jets in other shock environments of different parameter regimes, elucidating the
potential universality of these transient structures. We also focus on two potential ef-
fects of magnetosheath jets at different points of their lifetime as they move from the
bow shock towards the magnetopause. First, during their propagation some jets can
accelerate particles as they drive their own bow waves ahead of them. Magnetosheath

2
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jets can thus provide additional energization of particles within a shock environment.
We study the mechanism of this acceleration process, focusing on electrons. Some
jets survive all the way through the magnetosheath and eventually collide into the
magnetopause. We investigate their magnetic properties to understand whether jets
can alter the magnetic conditions for magnetopause reconnection, which is the most
important process by which solar wind energy enters the magnetosphere. We aim to
understand whether jets can modulate it upon their impact, either by triggering recon-
nection during unfavorable conditions or suppressing it during favorable conditions.
While the scale and energy of magnetosheath jets is small compared to structures in
the solar wind, their importance arises from their numbers. The role of jets on the
dayside magnetosphere dynamics may be especially significant during times of high
jet occurrence and steady solar wind conditions.

This thesis is organized as follows. In Chapter 2, we introduce the basic the-
ory of plasma, collisionless shocks in space, and magnetic reconnection relevant for
this thesis. Chapter 3 presents a further introduction to the Earth’s environment in
the heliosphere, that is the area under the influence of the Sun, and a description of
the structure of the Earth’s bow shock environment. Having set the scene, Chapter
4 focuses on magnetosheath jets that play the leading role in this work. We pro-
vide a brief review on the occurrence and formation of jets, how they propagate and
influence the surrounding magnetosheath plasma, and how they can influence the
magnetosphere and the ionosphere. We pay special attention to the topics relevant to
the research conducted as a part of this thesis. In Chapter 5, we present the data and
methods employed, and Chapter 6 presents a summary of the results of this thesis.
Finally, in Chapter 7, we provide the conclusions of this thesis and further discuss
the implications of our results and their relevance for the study of magnetosheath jets
and the solar wind—magnetosphere interaction. We also offer an outlook for further
research on this topic.



2 Theory

In this chapter, we provide an introduction to the theoretical background of plasma
physics. We briefly cover the nature of plasma, the fourth and most common state
of matter in the Universe, before moving to two fundamental plasma phenomena:
collisionless shocks and magnetic reconnection.

2.1 Plasma

Over 99 % of the ordinary matter in the Universe is in the form of plasma — ionized,
but quasi-neutral, gas consisting of a large number of charged particles (electrons and
positive ions). Electromagnetic fields are important for the dynamics of plasma, by
definition. These dynamics can studied with multiple levels of description, ranging
from microscopic to macroscopic. One can follow exactly the motion of individ-
ual particles using laws of electrodynamics. The opposite end is to study plasma
as a single fluid by combining the Navier-Stokes equations of hydrodynamics with
Maxwell’s equations of electromagnetism into magnetohydrodynamics (MHD). In
between lies, e.g., the Vlasov theory, which follows the evolution of distribution
functions, i.e., particle number densities in phase space.

Depending on the phenomenon under investigation and its relevant length and
time scales, the different levels of description are required to understand the physics
of plasma. In this thesis, we will be mostly applying a fluid picture by using bulk
quantities such as ion bulk speed and ion number density calculated as moments of
the ion distribution function. However, this picture falls short when the distribution
consists of multiple populations, e.g., a core and a beam population. We visit the lev-
els of individual particles and distribution functions when necessary. Kinetic effects
are paramount for understanding the physics of, e.g., collisionless shocks in space.
Crucially, these effects manifest themselves on all scales, even on the global level.

An important concept in space plasmas is that of magnetic field being frozen-in
into the plasma flow. Considering resistive MHD with Ohm’s law

J
E=-VxB+ —, €))
(o
the so-called MHD induction equation can be written as (e.g., Koskinen, 2011a)
0B 1
— =Vx(VxB)+—V?B. 2
o ( )+ oo 2)
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Here E is the electric field, V is the bulk flow velocity of the plasma, B is the
magnetic field, J is the current density, o is the electrical conductivity of the plasma,
t is time, and g is the vacuum permeability. The first term on the right-hand side
of Equation 2 is the convection (or rather the advection) term that describes how the
magnetic field follows the movement of the plasma. The second term is the diffusion
term. In space plasmas, the convection term typically dominates due to very high
conductivity. In the so-called ideal MHD limit where 0 — oo, the magnetic field
follows the motion of the plasma as if it was frozen-in to the plasma. A corollary
to this is the statement that plasma elements initially on the same magnetic field line
remain on the same field line. However, diffusion of the magnetic field becomes
important in regions where electrical resistivity 1/o increases, local magnetic field
gradients become large, and/or the plasma is at rest (V = 0). In these circumstances,
the frozen-in condition breaks down, changing the magnetic field configuration.

2.2 Collisionless shocks

(b)

Shock CME -/

Plasma ' Counterstreaming

Figure 1. (a) A false-color image of Tycho’s supernova remnant with a shell-like shock wave
surrounding it, as observed by the Chandra X-ray Observatory (Credit: NASA/CXC/Rutgers/J.
Warren & J. Hughes et al., http://chandra.harvard.edu/photo/2005/tycho/). (b) A cartoon of an
interplanetary CME driving a shock wave (Zurbuchen and Richardson, 2006, reproduced with
permission from SNCSC).

In space, we often encounter shock waves. They are observed, e.g., around su-
pernova remnants (Figure 1a) and ahead of planets and CMEs (Figure 1b). The basic
principle of these shock waves is essentially the same as for hydrodynamic shocks
observed here on Earth, e.g., ahead of a supersonic aircraft that moves through air
faster than the local information speed, the sound speed Vi = /vP/p. Here, 7 is
the polytropic index, P is the gas pressure, and p is the mass density. In ordinary
fluids, when a supersonic flow meets an obstacle, sound waves cannot transmit infor-
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mation of the existence of the obstacle and the incoming flow cannot deflect around
it. A shock wave forms, at which the flow is decelerated, compressed, and heated,
becoming subsonic.

A magnetized plasma supports many additional types of waves, and the propaga-
tion angle 6 of waves with respect to the background magnetic field is important. In
the MHD single-fluid picture (e.g., Koskinen, 2011a), there is a second characteristic
speed called the Alfvén speed Vo = B/,/nop. Both the Alfvén waves, that travel
at this speed, and the previously considered sound waves can propagate in a mag-
netized plasma along the magnetic field (8 = 0°). A magnetosonic wave can travel
perpendicular (§ = 90°) to the magnetic field with a characteristic speed called the
magnetosonic speed Vips = 4/ V2 + VK. When considering oblique propagation at
an arbitrary angle 6 with respect to the magnetic field, the Alfvén wave has a phase

speed Va cos @ and there are two additional wave modes: the fast (+) and slow (—)
MHD waves with phase speeds

1 2 2 \/ 2 2)2 2172 a2 2
3 |V +VR) (2 + V)" - 4V2VE cos? 6 : 3)

The highest information speed in MHD is that of the fast MHD wave. Shock waves
are associated with either two of the compressive wave modes: the fast or slow MHD
wave, which are often also referred to as the fast and slow magnetosonic wave, re-
spectively.

In addition to the different wave modes, there is a fundamental difference in
shock waves observed in space compared to those observed in ordinary fluids. In
hydrodynamic shock waves, the kinetic energy of the incoming supersonic flow is
converted to heat via particle collisions. Space plasmas are so tenuous that the col-
lisional mean free path is too high for collisions to play a role. Instead, at these
collisionless shocks, wave—particle interactions replace the role of collisions (e.g.,
Burgess and Scholer, 2015). Plasma instabilities lead to the generation of waves,
and particles scatter off of irregularities in the electromagnetic field, emulating the
scattering due to collisions and providing dissipation. Shock waves transform kinetic
energy of the incoming flow into heat. This is an irreversible, entropy-increasing pro-
cess, in which the upstream flow that exceeds the local information speed turns into
the downstream flow that is below the local information speed.

2.2.1  MHD jump conditions

Shock waves can be described by the so-called MHD Rankine-Hugoniot jump con-
ditions, which are conservation relations that uniquely relate the state of plasma up-
stream and downstream of the shock. These equations are derived under the as-
sumption of ideal MHD, in which the magnetic field is frozen-in into the flow of
the plasma. The Rankine-Hugoniot conditions then arise from conservation laws of
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mass, momentum, and energy through the shock layer together with Faraday’s law
in the steady state and Gauss’ law for magnetism. They describe the changes in
macroscopic plasma properties in a dynamic equilibrium across a planar discontinu-
ity between homogeneous plasma regions upstream and downstream of the shock.
Assuming a polytropic equation of state, the jump conditions can be written as (e.g.,
Burgess and Scholer, 2015):

PVn] = 0 “4)
2
{pVVn + (P + B) n— B”B] =0 5)
2410 o

2 .
[<1pv2+7P+B> Vn_B”BV] =0 (6)

2 vy—1 o Ho
Bn] = 0 )
V.B:— B,V = 0 (8)

in a frame where the shock is at rest. [a] = a2 — a; denotes the change of quantity
a from the upstream value (subscript 1) to the downstream value (subscript 2). Here,
p is the mass density, V is the bulk flow velocity, P is the plasma pressure, B is the
magnetic field, pg is the vacuum permeability, and + is the polytropic index of the
plasma. The vector components parallel to the normal of the discontinuity plane are
denoted with the subscript n, while the components tangential to the discontinuity
plane are denoted with the subscript ¢.

These equations apply to other types of discontinuities as well, but shocks are the
solutions for which there is mass flow across the discontinuity (pV;, # 0) and there
is compression from upstream to downstream (the compression ratio = po/p; =
Vi1/Vina > 1). It is important to note that these jump conditions do not describe any
of the kinetic processes near the shock transition, but they describe the large-scale
changes in bulk quantities across a shock. A shock wave transforms kinetic energy
of the incoming flow into thermal energy of the plasma. The strength of a shock is
typically characterized by its Mach number, which is the ratio of the upstream flow
speed parallel to shock normal in the shock rest frame and a characteristic speed.
For example, the Alfvénic Mach number is written as My = V,,/V. The larger
the Mach number, the stronger the shock: the more energy needs to be dissipated
at the shock and the larger the changes from upstream to downstream. By defini-
tion, the Mach number of a shock has to exceed unity. Hydrodynamic shocks have
sonic Mach numbers Mg = V,,/Vy > 1, while fast-mode (slow-mode) shocks are
defined by the fast (slow) magnetosonic Mach number My = V,,/Vinss > 1
(Mmss = Vi/Vimss > 1). The MHD jump conditions also permit a third shock
solution: an intermediate shock associated with the Alfvén wave. We will not con-
sider this solution further, but only note that a perturbation analysis shows that this
solution is non-evolutionary in the MHD framework (Burgess and Scholer, 2015). A
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clear observational difference between a fast-mode and a slow-mode shock is that in
a fast-mode shock the magnetic field magnitude increases from the upstream to the
downstream, while in a slow-mode shock it decreases. Fast-mode shocks are much
more common in the heliosphere, and we will focus on them in this thesis. The
Earth’s bow shock is an example of a fast-mode shock.

Another important parameter that is used to characterize a shock is the acute an-
gle Op,1 (denoted just as 6p, from here onwards) between the local shock normal
and the upstream magnetic field. This is a measure of shock obliquity, which is im-
portant in the MHD jump conditions. Equation 7 shows that the normal component
of the magnetic field does not change across the discontinuity. Thus, for a parallel
shock with 6, = 0°, there is no compression of the magnetic field, and these ideal
MHD jump conditions reduce to those of a hydrodynamic shock.

2.2.2 Quasi-parallel and quasi-perpendicular shock regimes

The single-fluid MHD picture of a shock does not model all important features of
collisionless shock waves. The particle dynamics at the shock can become very im-
portant for the energy dissipation and the structure of the shock. If the Mach number
of the shock is sufficiently high (as is often the case in the heliosphere; Burgess and
Scholer, 2015), the shock becomes supercritical and starts reflecting ions due to the
cross-shock potential that develops across the shock layer. This potential is a re-
sult of charge separation, owing to the difference in inertia for ions and electrons.
Incoming ions penetrate deeper, and thus an upstream-directed electric field forms.
The cross-shock potential thus slows down and reflects ions and accelerates electrons
incident from the upstream. In addition to this, magnetic mirroring contributes to the
reflection of particles at fast-mode shocks, where the magnetic field is stronger on
the downstream side of the shock.

What happens to the shock-reflected particles greatly depends on the obliquity
of the shock. Shocks are traditionally categorized in two regimes: quasi-parallel
shocks with 0p,, < 45° and quasi-perpendicular shocks with g, > 45°. When
0B, is high, reflected particles are swiftly convected downstream because they can-
not travel far upstream in the direction transverse to the magnetic field. In contrast,
when 0p,, is low, the particles can easily travel far back upstream along the magnetic
field lines. Reflected particles upstream of the quasi-parallel shock region lead to
the formation of a foreshock, which is a region full of intense electromagnetic waves
that form due to the interaction between the backstreaming particles and the incom-
ing upstream plasma via plasma instabilities. The steepening of these waves can
lead to non-linear structures which play a role in decelerating the incoming plasma.
Quasi-perpendicular and quasi-parallel shock crossings look drastically different in
spacecraft data, especially in the case of the Earth’s bow shock, which we will return
to in Section 3.2.1.



Theory

2.2.3 Shock-acceleration mechanisms

Shocks are important particle accelerators in the Universe. Shocks at supernova
remnants are believed to accelerate cosmic rays (e.g., Reynolds, 2011). CME-driven
shocks are believed to explain wide-spread and gradual solar energetic particle events
in the heliosphere (e.g., Desai and Giacalone, 2016). The two main forms of Fermi
shock acceleration considered here are shock drift acceleration (SDA) and diffusive
shock acceleration (DSA).

Figure 2. A sketch of shock drift mechanism that takes place at quasi-perpendicular shocks. The
magnetic field is into the page, and the upstream side is on the left-hand side of the shock. Panel
A shows ions drifting parallel to the electric field and panel B shows electron drifting anti-parallel to
it. Figure by courtesy of R. Vainio.

Shock drift acceleration takes place at fast-mode quasi-perpendicular shocks,
where there is a substantial magnetic field increase from the upstream to the down-
stream and the particles can be magnetically mirrored. The particles are accelerated
by the upstream convective electric field E; = —V; x B; (Webb et al., 1983). Par-
ticles incident on the shock feel the stronger downstream magnetic field which turns
the guiding center drift of ions (electrons) parallel (anti-parallel) to the convective
electric field. This causes the particles to gain energy from the electric field (see Fig-
ure 2). The interaction of the particle with the shock can be easily treated by moving
to the so-called de Hoffmann-Teller frame (HT-frame). In this shock rest frame, the
velocity and magnetic field vectors align on both the upstream and the downstream
side of the shock, and thus the convective electric field disappears. Now, if we ignore
the effect of cross-shock potential, the total momentum p of the particle is conserved
in this frame. We also assume that its first adiabatic invariant pﬁ_ /B (where p is the
momentum perpendicular to the magnetic field) is conserved.

Particles moving toward the shock with pitch-angle cosine p in the loss-cone

|| > \/1—1/rp (where rg = Bo/Bj is the magnetic compression ratio) get
transmitted downstream, while the other particles get reflected back upstream with
the parallel momentum changing [Ap| = 2|p;|. In the upstream rest frame, this
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corresponds to
|Apy|
V1 (Vin/ cosp,)* /c2

®

]Apﬂ | =

(c is the speed of light) and an increase in total momentum of the particle (e.g.,
Koskinen, 2011c¢). The fundamental limitation in the energy gain of pure SDA is that
the particles interact with the shock only once. In reality, the effect of cross-shock
electric field, which increases ion reflection and decreases electron reflection, should
also be considered. In fact, specular reflection via the cross-shock electric field alone
can similarly facilitate ion drift acceleration. This process is called shock surfing
acceleration (Shapiro and Ucer, 2003).

Diffusive shock acceleration (DSA) is a mechanism where particles are able to
interact with the shock multiple times due to scattering off of magnetic irregularities
that are present both upstream and downstream of the shock wave (Drury, 1983).
This mechanism is most efficient at quasi-parallel shocks where energetic particles
can more easily return to the shock. When a particle is scattered, its energy is con-
served in the frame of the scattering center but its pitch-angle, and thus propagation
direction, changes, allowing an energetic particle to cross the shock multiple times.
The scattering centers are often assumed to be frozen-in into the local plasma flow.
As the downstream flow is slower than the upstream flow (V, < V1) in the frame of
the shock, the flow converges at the shock and particles are accelerated via the Fermi
mechanism. Numerous crossings of the shock lead to a systematic increase in the
energy of the particle. For particle speeds greatly exceeding the plasma flow speed,
DSA produces a power-law spectrum

dN 3N, (po)“"”)/ =y (10)

dp  r-1\p
where IV is the number of particles, pg is the injection momentum, and r is the
compression ratio of the shock (Vainio and Afanasiev, 2018). The spectral index
o = (r+2)/(r—1) is thus a function of  only. DSA is believed to be responsible for
accelerating charged particles to the highest energies. In the heliosphere, DSA has
been established as an important mechanism accelerating high-energy ions, but its
role for electrons, for which the scales of relevant magnetic fluctuations are smaller,
is still unclear.

In Paper IV, we model electron acceleration at an MHD shock wave to study
acceleration at magnetosheath jet-driven shocks in the magnetosheath. In this model,
SDA is the dominant shock acceleration mechanism. However, multiple interactions
with the shock and further energization are facilitated by a collapsing magnetic trap,
which allows particles to return to the shock from the upstream.
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2.3 Magnetic reconnection

The frozen-in condition in a plasma breaks down when the resistivity becomes high
enough and/or the spatial scale of a boundary between two magnetic domains be-
comes small (Koskinen, 2011b). A shear in magnetic field leads to a current sheet
following Ampere’s law

VxB= qu 5 (11)

and diffusion can happen very fast in the form of magnetic reconnection across
thin current sheets where plasma regions of different magnetic field orientations
are pushed together, either by external driving or by a tearing instability of the cur-
rent sheet itself (Biskamp, 2000). Magnetic reconnection merges the magnetic fields
of these two domains, rearranging the field configuration (see Figure 3) and trans-
forming energy stored in the magnetic field into heat and kinetic energy of plasma
outflows. Importantly, this new magnetic connection allows plasma of the two pre-
viously separate domains to mix. Magnetic reconnection is a fundamental plasma
process responsible, e.g., for explosive energy release in solar flares and for space
weather processes at Earth due to the transfer of mass and energy by magnetic re-
connection at the dayside magnetopause and in the magnetotail. Most important for
this thesis is how magnetic reconnection at the dayside magnetopause between the
magnetic field in the shocked solar wind (in the magnetosheath) and the Earth’s mag-
netic field allows solar wind energy to enter the magnetosphere. This process will be
further discussed in Section 3.2.3.

(a)

{
(
?

v v

<4— magnetic
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—p field lines =—p plasma flows

Figure 3. A cartoon illustrating how anti-parallel field lines (panel a) undergo magnetic
reconnection (panel b).

In collisionless plasmas, wave—particle interactions and turbulence take on the
role of particle collisions and produce effective resistivity. The generalized Ohm’s
law also contains other terms in addition to the resistive term that can be responsible
for the breaking the frozen-in condition in the reconnection process (e.g., Cassak and
Fuselier, 2016). Magnetic reconnection is a complex phenomenon of which details
and microphysical mechanisms are out of the scope of this thesis (see, e.g., a recent
review by Wang et al., 2023).
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Macroscopically the most important parameter for reconnection is the magnetic
shear angle, i.e., the angle between the magnetic field vectors on both sides of the
current sheet: reconnection is most likely when the fields are exactly anti-parallel.
Figure 3a shows a cartoon of this simplified geometry and Figure 3b illustrates the
reconfiguration of the magnetic field topology in reconnected field lines along with
reconnection plasma outflows from the so-called X-line (or X-point in this 2D case),
where the field lines merge. In Paper V, we study the magnetic field within mag-
netosheath jets to understand if jets can modulate this magnetic shear at the magne-
topause.

The magnetic fields need not be strictly anti-parallel for reconnection to happen.
If a so-called guide field exists (out of the reconnection plane), component reconnec-
tion can still take place. Asymmetries between the plasma and magnetic field condi-
tions on the two sides of the current sheet further influence the onset, efficiency, and
geometry of magnetic reconnection (see, e.g., Cassak and Fuselier, 2016, and the
references within). Most notably, when a guide-field exists, plasma /3 (the ratio of
plasma pressure and magnetic pressure) asymmetry can suppress reconnection when
the diamagnetic drift of the X-line, caused by the plasma pressure gradient, exceeds
the reconnection outflow speed of the order of Alfvén speed (Swisdak et al., 2003).
Swisdak et al. (2010) wrote the AS-shear condition for this suppression as

2L
AB > Tfntan (©/2), (12)
where d; is the ion inertial length, L,, is the pressure scale length (L, /d; ~ 1), and ©
is the magnetic shear angle. For low Af reconnection can occur over a wide range

of magnetic shear angles, while for high A it only occurs when the magnetic shear
is high.
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3 Earth in the Heliosphere

In this chapter, we describe the Earth’s place in the heliosphere — the region that is
permeated by plasma and magnetic field originating from the Sun. We then move
closer to the Earth’s magnetosphere — the magnetic bubble that protects the Earth
from this environment. We only cover its dayside boundaries where the solar wind
first meets the magnetosphere: the bow shock and the magnetopause. We also in-
troduce the magnetosheath region in between, where the shocked solar wind flows
around the magnetosphere and faster magnetosheath jets are frequently observed.

3.1 Solar wind and interplanetary magnetic field

Plasma is constantly flowing out from the Sun, filling the interplanetary space. Parker
(1958) first theorized that the Sun’s hot upper atmosphere, the solar corona, is in a
dynamic equilibrium expanding outwards in the form of solar wind and it turns from
subsonic to supersonic close to the Sun. At planetary distances, the solar wind is in
fact super-fast-magnetosonic. Parker (1958) also correctly predicted that this flow of
plasma drags the Sun’s magnetic field into the interplanetary space, as the magnetic
flux is “frozen-in” to the plasma flow. Near the solar surface, magnetic flux is also
frozen-in to the plasma co-rotating with the Sun. As a consequence of the field both
co-rotating with the Sun and following the solar wind that moves radially outwards
from the Sun, the interplanetary magnetic field (IMF) forms a spiral geometry, called
the Parker spiral. How tight the Parker spiral wounds is controlled by the solar wind
speed, and thus IMF field lines tend to become less curved for higher solar wind
speeds. At the Earth’s orbital distance (1 AU = 1.5 x 10% km), the magnetic field is
tilted on average by ~ 45° with respect to the Sun-Earth line in the ecliptic plane. In
reality, this nominal spiral geometry is disturbed because the solar wind flowing out
from the Sun is not uniform and its properties vary in both space and time, often in a
turbulent manner.

Solar wind consists mostly of protons and electrons and it can be observation-
ally divided into two categories: fast (400-800 km/s) solar wind that is tenuous and
slow (250-400 km/s) solar wind that is denser (Kallenrode, 1998). These two types
originate from different regions on the Sun. The fast wind comes from coronal holes
that are regions where magnetic field lines extend far out into space. In contrast, the
slow wind comes from regions of closed field lines. During a solar minimum of the
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Figure 4. OMNI solar wind observations for the years 2008—2020 spanning solar cycle 24: the
means (black dotted line), hourly observations (gray line), and the running 90-day median (green
solid line) and the 10th and 90th percentiles (green dotted lines). Py, denotes dynamic pressure.
THEMIS (see Section 5.1.1) observation intervals in the subsolar magnetosheath are highlighted
in red (using the data set by Koller et al., 2022). The figure is from Paper lll (Vuorinen et al.,
2023b) and licensed under CC BY.

Sun’s 11-year activity cycle (famously followed by the evolution of the number of
sunspots), the regions of closed field lines, the source regions for slow solar wind,
are distributed close to the solar equator, while the coronal holes are observed at
the Sun’s polar regions. However, at the solar maximum, the structure of the Sun’s
magnetic field has become complex with source regions for the slow solar wind dis-
tributed over all latitudes (Hansteen, 2009). In Figure 4, we present time series of
OMNI solar wind observations (see Section 5.1.3; Papitashvili and King, 2020) from
years 2008—2020. OMNI data is interspersed from measurements of multiple space-
craft at the Earth’s Lagrange point L1 (at a distance of 0.01 AU = 1.5 x 10%km
from the Earth), so these measurements correspond to the solar wind conditions at
the Earth. We can see the conditions vary on a wide range of time scales.
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Earth in the Heliosphere

In addition to the variable nature of the solar wind source regions, the solar wind
is also disturbed by large-scale structures embedded into the flow. These include
interplanetary CMEs (Kilpua et al., 2017) and stream/co-rotating interaction regions
(SIRs/CIRs; Richardson, 2018). SIRs and CIRs form when faster solar wind streams
catch up slower solar wind streams ahead of them. The occurrence rate of these struc-
tures is also highly linked to the Sun’s activity cycle. CMEs are most prevalent during
solar maxima, while SIRs and CIRs are most common at the declining phase of the
solar cycle. At their peak prevalence, these structures can both constitute roughly
half of the solar wind that arrives at the Earth (Richardson and Cane, 2012). From
the point of view of the Earth and its magnetosphere, these structures are enormous
in size, so they are sensed as variations in the solar wind and IMF conditions. CME
magnetic clouds (the ejecta) exhibit very low plasma 5 and M conditions with slow,
but large, variations in magnetic field orientation, and sheath regions downstream of
CME-driven shocks contain strong fluctuations both in plasma quantities and in the
magnetic field. SIRs and CIRs exhibit a transition from slow to high solar wind with
a compression region in between. The edges of the compression region can steepen
into shock waves at the Earth’s orbital distance: a forward shock at the leading edge
and a reverse shock at the trailing edge (e.g., Richardson, 2018).

Solar wind and IMF variations influence the dynamics of the Earth’s magneto-
sphere. In particular, the IMF orientation is important for the structure and dynamics
of the Earth’s bow shock and for conditions of magnetic reconnection at the dayside
boundary of the Earth’s magnetosphere. In Papers I-III, we investigate how solar
wind conditions and the solar cycle influence the occurrence rates of magnetosheath
jets. While the IMF is typically inclined with respect to the Sun-Earth line, during ra-
dial IMF they are almost aligned. This substantial deviation from the nominal Parker
spiral is noteworthy from the perspective of magnetosheath jets, as we will discuss
in Chapter 4. Prolonged radial IMF intervals can be observed at the trailing end of
CMEs, or more generally at rarefaction regions where slower solar wind follows a
faster solar wind stream (e.g., Orlove et al., 2013).

3.2 Dayside boundaries of Earth’s magnetosphere

In this section, we describe the structure of the Earth’s dayside magnetosphere. We
focus on topics relevant to this thesis that considers magnetosheath jets that form
at the Earth’s bow shock and can propagate all the way through the magnetosheath,
eventually impacting the magnetopause. Thus, we cover dayside magnetospheric
boundaries, the bow shock and the magnetopause, where the solar wind first meets
the Earth’s magnetosphere (see Figure 5), and the turbulent magnetosheath region in
between.
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Figure 5. A cartoon of the structure of the Earth’s magnetosphere and the impinging solar wind
with its magnetic field, the IMF. Reprinted from Parks (2015), with permission from Elsevier.

3.2.1 Bow shock and foreshock

The Earth has a standing bow shock ahead of it, where the super-fast-magnetosonic
solar wind is decelerated to sub-fast-magnetosonic speeds in the direction normal
to the shock. The bow shock is curved around the Earth’s magnetosphere that has
a dipole-like configuration on the dayside (see Figure 5). The location of the bow
shock can vary by multiple Earth radii (Rg = 6,371 km) in response to variations
in solar wind conditions, but its subsolar standoff distance is typically around 14 Ry,
from the center of the Earth (Farris et al., 1991). During high solar wind dynamic
pressure conditions, the magnetosphere is compressed and the bow shock stands
closer to the Earth. As can be seen in Figure 6, the curved shape combined with
variations in the obliquity of the IMF means that some parts of the bow shock are
quasi-parallel and others quasi-perpendicular at any given time (Burgess and Scholer,
2015). For the nominal Parker spiral geometry, the dawnside is quasi-parallel and the
duskside is quasi-perpendicular. A parameter of particular interest in this thesis is the
IMF cone angle

B
Q= arccos <|'§|> € [0°,90°], (13)

which is the acute angle between the Sun-Earth line and the IMF vector. At the sub-
solar region of the Earth’s bow shock, where the nominal shock normal is almost
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Figure 6. A sketch of the foreshock region that is magnetically connected to the quasi-parallel
shock region. Figure obtained from Wilson 1l (2016), who adapted it from the original figure by
Tsurutani and Rodriguez (1981), reproduced with the permission of American Geophysical Union.

aligned with the Sun-Earth line, the IMF cone angle closely approximates the shock
obliquity angle 6p,,. Importantly, when the IMF cone angle is low, the whole subso-
lar region of the Earth’s bow shock has a quasi-parallel geometry. Such conditions of
quasi-radial IMF (o < 30°) are observed around 16 % of the time (Suvorova et al.,
2010).

The Earth’s bow shock is supercritical and thus reflects a fraction of incoming
particles. As discussed in Sections 2.2.2 and 2.2.3, the shock obliquity 6p,, controls
how these reflected particles are transported and energized near the shock (see, e.g.,
Burgess et al., 2012). At the quasi-perpendicular shock, while most particles are
convected downstream, a small fraction of energetic ions and electrons are observed
upstream of the shock as field-aligned beams (FABs). These are likely energized by
a mechanism akin to shock-drift acceleration (Oka et al., 2005; Burgess et al., 2012).
At the quasi-parallel shock, ions can undergo diffusive shock acceleration, and a
diffuse ion population is observed upstream of the shock (see, e.g., recent results by
Johlander et al., 2021). The energetic backstreaming particles make up the foreshock
region, where different types of ion distributions are observed at different locations.
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This is a consequence of shock obliquity varying quickly on a field line that sweeps
across the bow shock and of an anti-sunward E x B particle drift caused by the solar
wind convectional electric field (E = —V x B). The edge of the electron foreshock
is located near the point of first, tangential, connection between the IMF and the bow
shock (as shown in Figure 6). In contrast, the edge of the ion foreshock is located
closer to the Earth, as ions are slower and the effect of the earthward drift is relatively
larger.

The extended foreshock region is spatially located where upstream magnetic field
lines are connected to the quasi-parallel shock, as illustrated in Figure 6. As reviewed
by Eastwood et al. (2005), the backstreaming particles interact with the incoming
solar wind, generating waves via plasma instabilities. The waves then interact with
the plasma, e.g., facilitating particle acceleration. The foreshock is thus a highly
complex region consisting of multiple types of waves and particle populations. The
dominant wave mode in the Earth’s foreshock is the so-called 30-second ULF (ultra-
low frequency) wave, which is observed in association with the diffuse ions deeper
in the foreshock, but is believed to be excited by ion beams originating from the
quasi-perpendicular shock and to grow upon convecting to the quasi-parallel region
(Eastwood et al., 2005). This wave is of fast-mode nature, i.e., the perturbations in
magnetic field magnitude and density are correlated. In addition to ULF waves, co-
herent localized enhancements of magnetic field are also frequently observed. These
have been named short large-amplitude magnetic structures (SLAMSs; Schwartz,
1991), which propagate sunward in the frame of the upstream bulk flow but are ad-
vected towards the shock. SLAMSs are believed to form as ULF waves steepen
upon convecting toward the shock, due to a gradient in suprathermal ion pressure
(Giacalone et al., 1993) or via the gyroresonant interaction between solar wind ions
and ULF waves as more recently suggested and supported by MMS observations
(Chen et al., 2021b).

The foreshock modulates the quasi-parallel shock. Schwartz (1991) suggested
that the quasi-parallel shock itself consists of layers of SLAMSs. This picture fits
the observed corrugation of the quasi-parallel shock (Lucek et al., 2008). As a con-
sequence, time series data of a spacecraft crossing a quasi-parallel shock shows a
complex transition from upstream to downstream (e.g., Burgess et al., 2005). Figure
7a shows an example of THEMIS E crossing the quasi-parallel bow shock from the
magnetosheath to the upstream solar wind. The presence of the foreshock region can
be identified from the enhanced fluxes of 10keV ions (panel i) and the magnetic field
fluctuations (panel ii) on the upstream side. Magnetosheath jets are also significantly
more common downstream of the quasi-parallel shock, and thus their occurrence fol-
lows the location of the quasi-parallel shock, as will be discussed in Chapter 4 and
in Paper I. The anti-sunward dynamic pressure Pgy,, y enhancement at ~19:17 UT
(in panel vi; highlighted with a black arrow) is an example of a magnetosheath jet.

For the quasi-perpendicular shock, the general shock structure is more well-
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Figure 7. THEMIS E observations of (a) an outbound (from downstream to upstream)
quasi-parallel bow shock crossing on April 20, 2015, and (b) an inbound (from upstream to
downstream) quasi-perpendicular bow shock crossing on June 07, 2015. A magnetosheath jet is
highlighted downstream of the quasi-parallel shock in panel vi.

defined (e.g., Bale et al., 2005). The foreshock caused by reflected particles is spa-
tially limited to a small region near the shock, called the foot, where the reflected
ions gyrate back to the shock. It manifests as a magnetic field increase ahead of
the shock, caused by the current carried by the ions (Treumann, 2009). The shock
ramp is a sharp transition (a “jump”) often followed by an overshoot, where the
magnetic field reaches its peak before decreasing to the downstream value. These
different parts of the shock structure are typically relatively easy to identify in a
quasi-perpendicular shock crossing (with the appropriate time resolution), where
both the upstream and downstream regions are less turbulent and the shock itself
exhibits less non-stationarity than in the case of a quasi-parallel shock crossing. Fig-
ure 7b shows an example of an inbound (upstream to downstream) crossing of the
quasi-perpendicular bow shock as observed by THEMIS E. However, we note that
for high M non-stationarity of the quasi-perpendicular shock becomes evident and
shock transition becomes complex (Sundberg et al., 2017; Madanian et al., 2021).
In Paper II, we investigate jet-like structures downstream of a quasi-perpendicular
high-M 4 shock and find that in such conditions gyrating ion populations near the
shock can lead to jet-like enhancements in dynamic pressure.
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3.2.2 Magnetosheath

The downstream region of the Earth’s bow shock is called the magnetosheath, which
is the primary region of focus of this thesis. In the subsolar region, the magne-
tosheath has a width of 24 Ry along the Sun-Earth line. Here the shocked sub-
fast-magnetosonic solar wind can flow past the magnetosphere. Notably, it is the
magnetosheath flow that interacts with the boundary of the Earth’s magnetosphere.
As expected for a fast-mode shock, the downstream magnetosheath flow is slower,
denser, hotter, and exhibits a stronger magnetic field (see, e.g., Figure 7). Deeper in
the magnetosheath the flow deviates more and more from the Sun-Earth line. Spre-
iter et al. (1966) already showed using gasdynamic flow models that the interplane-
tary magnetic field is advected into the magnetosheath and the magnetic field drapes
around the magnetopause. Utilizing IMP 1 and IMP 2 (Interplanetary Monitoring
Platform) spacecraft observations, Fairfield (1967) found that IMF conditions deter-
mine the magnetic field properties in the magnetosheath and that structures present
in the IMF can be later detected in the magnetosheath.

The plasma properties in the downstream magnetosheath vary depending on
whether the shock region is quasi-parallel or quasi-perpendicular (e.g., Lucek et al.,
2005). The so-called quasi-parallel magnetosheath (downstream of the quasi-parallel
shock), is typically more turbulent than that downstream of a quasi-perpendicular
shock due to fluctuations originating from the foreshock region. Recently Turc et al.
(2023) provided evidence that rather than directly transmitting, the dominant 30-
second ULF foreshock fluctuations cause downstream fluctuations in three ways: 1)
they modulate the shock generating fast-mode fluctuations downstream of the shock,
2) mode-convert to Alfvén waves at the shock, and 3) influence the cyclical shock
reformation process. On the other hand, the quasi-perpendicular magnetosheath typ-
ically exhibits a high ion temperature anisotropy 7' > T}, which can be favorable
for either the Alfvén ion cyclotron or the mirror-mode instability (e.g., Lucek et al.,
2005).

Although the magnetosheath plasma has been processed by the shock, upstream
transients can often be observed within the magnetosheath, including both solar wind
and foreshock structures. Additionally, the shock dynamics themselves can produce
transient magnetosheath structures. All these three scenarios are proposed mecha-
nisms for magnetosheath jet generation, which we will return to in Chapter 4.

20



Earth in the Heliosphere

3.2.3 Magnetopause

The outer boundary of the Earth’s magnetosphere is called the magnetopause. It is a
current layer that separates the plasma populations and magnetic fields of the mag-
netosheath and the magnetosphere. The nominal magnetopause essentially stands in
pressure balance between the incoming solar wind dynamic pressure and the mag-
netic pressure in the magnetosphere, typically with a subsolar standoff distance of
around 10 Ry, (Farris et al., 1991). Sometimes the wind blows with larger dynamic
pressure and the magnetosphere responds by being compressed, moving the magne-
topause boundary earthward. The magnetopause is not an impenetrable barrier (e.g.,
Eastwood et al., 2015, and the references within). Magnetic reconnection at the
magnetopause can connect the interplanetary magnetic field draped into the magne-
tosheath to the Earth’s magnetic field and enable transfer of mass and energy from
the solar wind into the magnetosphere. Additionally, the Kelvin-Helmholtz instabil-
ity at the flanks of the magnetopause (Nykyri and Otto, 2001; Hasegawa et al., 2004),
where there are significant velocity shears across the boundary, and cross-field diffu-
sion (Johnson and Cheng, 1997) enable mass transfer into the magnetosphere.

At the subsolar magnetopause, the conditions on the Earth’s side of the magne-
topause are typically relatively steady, and thus whether reconnection occurs depends
largely on the conditions on the magnetosheath side (Cassak and Fuselier, 2016). In
this region, the Earth’s magnetic field points northward. Therefore, magnetic recon-
nection is very favorable when in the magnetosheath the magnetic field is directed
southward, which naturally occurs when the IMF orientation is southward. Dur-
ing southward IMF, energy transfer from the solar wind into the magnetosphere is
significantly enhanced due to subsolar magnetopause reconnection (e.g., Palmroth
et al., 2006). This process drives the famous Dungey cycle by transporting energy
and magnetic flux into the magnetotail. The magnetopause standoff distance also
decreases (e.g., Shue et al., 2001; Wiltberger et al., 2003, and the references within).
Magnetopause reconnection also occurs during northward IMF, but in this geome-
try it is efficiently driven at higher latitude regions on the anti-sunward sides of the
cusps, where the magnetic fields are anti-parallel. This type of reconnection is not as
efficient in terms of energy transfer into the magnetosphere, but can allow for a large
amount of solar wind mass to enter the dayside magnetosphere.

While the magnetic shear angle between the two domains is the inherent param-
eter controlling reconnection onset, where, when, and how efficiently reconnection
occurs at the dayside magnetopause depends on a multitude of parameters and phys-
ical effects (Cassak and Fuselier, 2016), as discussed in Section 2.3. Asymmetries
are inherently present between the magnetosheath and magnetospheric plasma at the
magnetopause. Observational evidence for the validity of the AS-shear condition
(Equation 12) at the Earth’s magnetopause has been provided, e.g., by the statisti-
cal study of THEMIS magnetopause crossings by Phan et al. (2013). Because the
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plasma beta on the magnetospheric side of the magnetopause is typically small, this
suppression of reconnection can happen when magnetosheath plasma exhibits a high
plasma beta.

Although the upstream solar wind conditions strongly control the conditions of
plasma in the magnetosheath, and thus the occurrence of magnetopause reconnec-
tion, magnetosheath fluctuations are known to also influence magnetopause recon-
nection. These fluctuations can suppress reconnection during otherwise favorable
conditions and trigger reconnection during otherwise unfavorable conditions. For
example, mirror-mode waves commonly observed in the quasi-perpendicular mag-
netosheath have been shown to alter steady reconnection or make reconnection bursty
both in observations (Laitinen et al., 2010) and in simulations (Hoilijoki et al., 2017).
It has also been proposed that disturbances related to the foreshock region could sim-
ilarly alter conditions for dayside magnetopause reconnection (Zhang et al., 1997).
This has been recently observed in simulations by Chen et al. (2021a). In Paper
V, we investigate the magnetic field within magnetosheath jets to determine whether
jets could similarly influence reconnection by modulating the magnetic shear at the
magnetopause. The topic of jets influencing magnetopause reconnection is further
discussed in Section 4.3.3.
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4 Magnetosheath Jets

In this chapter, we introduce the main topic of this thesis — magnetosheath jets,
i.e., transient dynamic pressure enhancements observed within the shocked magne-
tosheath flow. A review on jets was published by Plaschke et al. (2018). We focus
on the topics most closely related to this thesis: jet occurrence during different solar
wind and IMF conditions, particle acceleration at bow shocks driven by supermag-
netosonic jets, and jets affecting magnetopause reconnection.

4.1 History and definitions

The term magnetosheath jet is today relatively well-established for a localized en-
hancement of dynamic pressure Pyy, = pV?2 in the magnetosheath. Before arriv-
ing here, many types of nomenclature and different quantities have been applied
for similar localized transient bulk flows in the magnetosheath. The first observa-
tions were reported by Némecek et al. (1998), who observed enhancements of ion
flux pV in Interball-1 and Magion-4 data and called them “transient flux enhance-
ments”. Later studies by Savin et al. (2008) and Amata et al. (2011) used a kinetic
energy density % pV?2 threshold for “high kinetic energy (density plasma) jets” in
Cluster data. Hietala et al. (2012) found “supermagnetosonic jets”, enhancements
of dynamic pressure and velocity, in Cluster data. After the launch of THEMIS
spacecraft (see Section 5.1.1; Angelopoulos, 2008), many studies have looked into
dynamic pressure enhancements in the dayside magnetosheath: e.g., “dynamic pres-
sure enhancements/pulses” by Archer et al. (2012) & Archer and Horbury (2013)
and “anti-sunward high-speed jets” by Plaschke et al. (2013).

Localized magnetosheath structures that overlap with the enhancements of ion
flux or dynamic pressure are enhancements of the constituents: density and veloc-
ity. Density enhancements have been studied by Karlsson et al. (2012, 2015), who
called them “plasmoids”, and by Gutynska et al. (2015). Karlsson et al. (2012, 2015)
separated “fast” plasmoids that exhibit an anti-sunward velocity increase and “em-
bedded” plasmoids that travel with the magnetosheath bulk flow. They also char-
acterized these plasmoids from the perspective of their magnetic field: paramag-
netic/diamagnetic plasmoids with an increase/a decrease in magnetic field magnitude
relative to their surroundings. Velocity enhancements have been studied by Hietala
et al. (2009, 2012) and Gunell et al. (2014). Finally, Dmitriev and Suvorova (2015)
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investigated THEMIS data for total pressure (dynamic, thermal, and magnetic pres-
sures combined) enhancements, calling these “large scale jets”.

At the present time, the term magnetosheath jet is in wide use for dynamic pres-
sure enhancements, but different thresholds are still applied for them. Results ob-
tained with different thresholds should be treated with some care, as they do not nec-
essarily apply to jets obtained with other criteria. Plaschke et al. (2018) investigated
the overlap between different criteria and found surprisingly low overlap between
the Plaschke et al. (2013) and Archer and Horbury (2013) criteria. In Plaschke et al.
(2013) criteria, the focus is on anti-sunward dynamic pressure only and the threshold
is set by upstream solar wind dynamic pressure observations. Conversely, Archer
and Horbury (2013) definition does not limit the direction of the flow but considers
the total dynamic pressure and compares to a local magnetosheath running average.
Recently, Koller et al. (2022) formed a jet definition that uses the Plaschke et al.
(2013) criteria of anti-sunward jets but the thresholds are with respect to local mag-
netosheath averages. Ultimately different jet criteria also select for jets formed by
different physical mechanisms. Flow enhancements in the magnetosheath arise as
part of shock dynamics, but they can also arise from magnetopause reconnection.
Local generation mechanisms in the magnetosheath are also possible. As we will
find out later, the jets in the focus of this thesis are most likely generated at the
Earth’s bow shock.

In this thesis, we focus on magnetosheath jets as anti-sunward dynamic pressure
enhancements, as this is arguably the quantity that makes them capable of perturbing
the pressure balance at the magnetopause. In the subsolar magnetosheath, which is
our region of interest, we also loosely refer to these as earthward jets. More pre-
cisely, we apply the jet definition introduced by Plaschke et al. (2013) in their statis-
tical study of jets using THEMIS 2008-2011 data from the subsolar magnetosheath.
Two example jets are shown in Figure 8 (shaded in magenta), where THEMIS D
observations from the subsolar magnetosheath are presented. The primary criterion
for a jet is that the anti-sunward dynamic pressure (in the GSE —X direction; see
Section 5.2) in the magnetosheath has to be over half of the dynamic pressure in the
solar wind:

1 1
PyynmsH,x = PMSHVI\%S}L x > 5Fansw = §PswV52w- (14)
The jet interval is then defined as the time period when
1 2
Pyynmsu,x > ZPSWsz~ (15)

The mass densities are computed assuming protons only, and the solar wind dynamic
pressure is taken as a running average of the preceding five minutes. The moment
in time within the jet when the ratio of these magnetosheath and solar wind dy-
namic pressures reaches its peak is denoted as ¢o. An additional criterion requires
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Figure 8. THEMIS D observations from the subsolar magnetosheath on April 15, 2015. Two
magnetosheath jets fulfilling the Plaschke et al. (2013) criteria are highlighted in magenta shading.

that within 1-minute intervals preceding and succeeding the jet interval, Vx in the
magnetosheath has to go above Vx (tp)/2. This ensures that magnetosheath jets are
enhancements in anti-sunward flow velocity, and not simply density fluctuations in
the magnetosheath. This criterion also excludes step changes in the magnetosheath
flow. As Plaschke et al. (2013) criteria are designed for jets in the subsolar region of
the magnetosheath, they are not suitable for jets in the flanks of the magnetosheath.
This is because the criterion is based on the upstream solar wind conditions, and at
the flanks the anti-sunward velocity of the solar wind is not decelerated as effectively
due to the curvature of the bow shock. This means that we are focusing on jets that
travel towards the Earth and have the potential to impact the subsolar magnetopause.

The launch of the MMS mission (see Section 5.1.2; Burch et al., 2016) marked
another important turning point in the study of magnetosheath jets. In addition to
providing valuable statistical data, the high spatial and temporal resolution of this
multi-spacecraft mission has enabled the study of the kinetic structure of jets (e.g.,
Raptis et al., 2022b) and the direct multi-point observation of a jet forming as a result
of cyclic reformation of the quasi-parallel shock (Raptis et al., 2022a).
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4.2 QOccurrence

Early observations of jets were mostly made in the magnetosheath downstream of the
quasi-parallel shock (Némecek et al., 1998; Savin et al., 2008; Hietala et al., 2009;
Shue et al., 2009; Hietala et al., 2012), both near the bow shock and close to the
magnetopause. Archer et al. (2012) utilized multi-spacecraft observations to study
jets during an observational interval and reported that dynamic pressure pulses can
be formed when when solar wind discontinuities interact with the Earth’s bow shock.
The first large statistical studies of jets were published by Plaschke et al. (2013) and
Archer and Horbury (2013). These studies utilized THEMIS dayside observations
and they greatly enhanced the understanding of jets as a phenomenon. In the follow-
ing, we briefly compare the methodology and results of these two studies.

Archer and Horbury (2013) studied total dynamic pressure enhancements with
respect to a 20 min magnetosheath running average. Plaschke et al. (2013) studied
anti-sunward dynamic pressure enhancements with respect to an upstream solar wind
dynamic pressure threshold. Both studies computed the shock obliquity correspond-
ing to each observation. Plaschke et al. (2013) considered the IMF cone angle as a
proxy for the shock obliquity at the subsolar bow shock region, where the curvature
of the bow shock can be assumed to be low. Archer and Horbury (2013), on the
other hand, used a stream-line model to trace each observation back to a point at the
bow shock model, where they calculated the shock obliquity 6p5,, using the model
bow shock normal at that particular point and the IMF vector. Both studies found
that jets are indeed most often observed downstream of the quasi-parallel shock. The
shock obliquity 6p,, and therefore the IMF cone angle, was found to be the only
parameter strongly controlling jet occurrence. Contrary to findings by Archer et al.
(2012), these statistical studies found that most jets are observed during steady IMF
and solar wind conditions, which implies that a steady foreshock region is important
for the generation of jets. This is an important conclusion, as it indicates that jets
form even when the upstream solar wind is non-varying — that is jets are a feature
of the bow shock dynamics itself.

Both studies also used empirical bow shock and magnetopause models (see Sec-
tion 5.4.1) to assign a relative radial position in the magnetosheath for each measure-
ment. Archer and Horbury (2013) found no apparent preference for where jets occur
in the quasi-parallel magnetosheath, but found jets to be more common close to the
magnetopause in the quasi-perpendicular magnetosheath. This is in stark contrast to
findings by Plaschke et al. (2013), who concluded that jets are most common near the
bow shock and their occurrence decreases towards the magnetopause. This points to
a simple picture: jets are formed at the bow shock and they propagate towards the
magnetopause dissipating along the way. The difference between the results of these
two studies is related to the jet criteria, which capture different types of transients.
The Plaschke et al. (2013) definition catches jets that form at the bow shock and
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travel earthward towards the magnetopause. The Archer and Horbury (2013) crite-
ria also capture other types of dynamic pressure enhancements, such as flux transfer
events (FTEs), related to reconnection at the magnetopause. In Paper I, we use the
data set of Plaschke et al. (2013) to further investigate where in the magnetosheath
jets occur during different IMF orientations.

Since then statistical studies have been performed on ever-increasing THEMIS
data sets and also on new MMS data sets, providing us more insight into jet oc-
currence. Raptis et al. (2020) presented a statistical study of dynamic pressure
enhancements using MMS data from 2015-2019. They classified jets to quasi-
parallel and quasi-perpendicular jets, referring to jets downstream of quasi-parallel
and quasi-perpendicular shock regions, respectively. Additionally, jets between the
two regimes were classified as boundary jets. A subset of quasi-perpendicular jets,
referred to as encapsulated jets, showed a switch from quasi-perpendicular to quasi-
parallel and back. The authors argued that these jets originated from the quasi-
parallel shock but had travelled to the quasi-perpendicular magnetosheath.

LaMoury et al. (2021) used an extension of the Plaschke et al. (2013) data set
to years 2008—2018 and studied the jets observed near the model bow shock and the
jets observed near the model magnetopause, separately. They used the former subset
to study how the solar wind conditions influence jet formation, and compared these
results to those of the latter subset which is influenced not only by formation but also
by propagation. They found that IMF cone angle was not the only parameter con-
trolling jet occurrence. Favorable conditions for jet formation at the bow shock are
low IMF magnitude, high 3, high M, low P4y, and low density. This complicated
the previous picture in which the IMF cone angle was the only important solar wind
parameter controlling jet occurrence. In Paper II, we expand on this study by look-
ing separately at the solar wind influence on jet formation in the two different shock
regimes: the quasi-parallel and the quasi-perpendicular shock. We find that under
low IMF cone angle conditions, that is downstream of the quasi-parallel shock, other
parameters are not important for jet occurrence, but the parameters found by LaM-
oury et al. (2021) influence jet formation in the quasi-perpendicular regime.

Large-scale solar wind structures, such as high-speed streams (HSSs), CME:s,
and SIRs, influence the solar wind conditions at Earth. Previously, jet occurrence
has only been studied in the solar wind parameter space without considering the
relation to different types of solar wind structures. Koller et al. (2022) performed a
statistical study on how the number of observed jets varies during these large-scale
solar wind structures. According to their results, jet occurrence decreases during
CME sheath regions and magnetic ejecta. They speculated that the highly-varying
magnetic field in CME sheaths could prevent a stable foreshock from forming, and
thus make jet occurrence less likely. This is also consistent with the expectation
that draping of the magnetic field in the sheath could potentially manifest as high
IMF cone angle conditions, which are unfavorable for jet occurrence. Koller et al.
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(2022) also added that strong magnetic field conditions inside magnetic ejecta may
be unfavorable for jet generation, which matches the results of LaMoury et al. (2021).
On the other hand, they found that jet occurrence rates are increased during HSSs and
SIRs. Koller et al. (2023) continued this research and reported that jet occurrence
decreases during high IMF cone angle and low Alfvénic Mach number conditions,
and thus CME magnetic clouds represent unfavorable conditions for jet formation.
On the contrary, high-speed streams were found to be very favorable for jets as they
typically exhibit low IMF cone angle, IMF magnitude, and solar wind density. These
results are in line with our findings presented in Paper II.

Since the prevalence of large-scale solar wind structures and the properties of the
inflowing solar wind at the Earth vary throughout the solar cycle, an interesting ques-
tion concerns the solar cycle variation of jet occurrence. In Paper III, we investigate
the yearly averages of jet observation during the solar cycle 24. Our results suggest
that jet occurrence does not vary strongly across a solar cycle on a yearly level, al-
though there may be a 10-20 % decrease in during solar maxima when specifically
CMEs are the most prevalent.

4.3 Lifespan from bow shock to magnetopause
4.3.1 Formation mechanisms

How magnetosheath jets form has been a long-standing question, because it is diffi-
cult to directly observe a jet forming in spacecraft observations. The knowledge of
their connection to the quasi-parallel shock, and thus the foreshock region, has moti-
vated many suggested jet formation mechanisms. Simulations have provided critical
insight for this understanding, as the evolution of jets emerging within simulations
can be more easily observed. Some jets can be attributed to solar wind disconti-
nuities (Archer et al., 2012), but importantly, most magnetosheath jets are believed
to form as part of the shock dynamics itself even during steady solar wind condi-
tions (Archer and Horbury, 2013). The Earth’s bow shock and foreshock are highly
complex regions which exhibit non-linear physics that are important for the solar
wind-magnetosphere interaction.

Hietala et al. (2009) and Hietala and Plaschke (2013) suggested that jets may
form as the solar wind flows through a rippled shock surface, motivated by the ob-
servations of the corrugated quasi-parallel shock (Lucek et al., 2008). Using MHD
jump conditions, they showed that flow through a concave ripple is less efficiently
decelerated than the surrounding flow (see Figure 9). As the local inclination of the
shock surface changes, this affects how much the solar wind flow is decelerated, as
the shock is most efficient at decelerating flow that is aligned with the shock normal
direction. Evidence for this mechanism has been found in simulations: within a 2D
global hybrid simulation of the Earth’s bow shock by Karimabadi et al. (2014) and a
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Figure 9. An illustration of the ripple jet generation mechanism. (a) Upstream flow is decelerated
as it crosses the shock. (b) Flow through an inclined shock surface, a shock ripple, is less
decelerated. (c) An overview showing a fast jet forming as the plasma flows through the rippled
bow shock. The jet is also shown to indent the magnetopause, which launches a sunward shock
wave in the magnetosheath as the magnetopause oscillates. The figure is from Hietala et al.
(2012) and licensed under CC BY.

local 2D hybrid shock simulations by Hao et al. (2016a,b).

In contrast to the ripple mechanism, where jets form due to local variations in
shock parameters and the consequent effect on how solar wind is processed at the
shock, jets have been proposed to be structures that already form in the foreshock
and later transmit into the magnetosheath. Karlsson et al. (2015) suggested that
SLAMSs (0B/B > 2; Schwartz, 1991) may cross the shock and be observed as
magnetosheath jets. This scenario was observed in a Vlasiator 2D hybrid-Vlasov
simulation by Palmroth et al. (2018). Notably, in a more recent Vlasiator study,
Suni et al. (2021) were able to link up to 75 % of jets to foreshock compressive
structures (FCS) with a more relaxed 6 B/ B requirement than that of SLAMSs. The
concurrent density enhancement in FCS contributes to enhanced dynamic pressure,
but how these structures maintain a higher speed compared to the surrounding plasma
is unclear. SLAMSs are known to be moving sunward in the upstream plasma frame,
albeit their propagation speed decreases with increasing amplitude (Schwartz et al.,
1992). Karlsson et al. (2015) proposed that SLAMSs crossing a locally inclined part
in the corrugated shock surface could allow them to maintain a higher earthward
speed.

Recently, Raptis et al. (2022b) reported observations of a jet forming as part
of the cyclic reformation of the quasi-parallel shock. In this process, the shock is
periodically reforming at a new position upstream of the old shock front, as ULF
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waves steepen while approaching the old shock front. Using measurements from
a fortuitous MMS string-of-pearls configuration, they observed solar wind plasma
trapped between the old and the new shock front evolving into a downstream jet.

While jets are much more prevalent downstream of the quasi-parallel shock,
they are also observed downstream of the quasi-perpendicular shock. The nose of
the Earth’s bow shock is actually more commonly in a quasi-perpendicular con-
figuration, and thus jets downstream of the quasi-perpendicular shock add up to a
sizable fraction of all jets observed at Earth. In other even more commonly quasi-
perpendicular shock environments, such as planetary bow shocks beyond 1 AU, the
proportion of these jets is expected to be larger still. How these jets form is poorly
understood. Kajdi¢ et al. (2021) studied such dynamic pressure enhancements and
found that these jets were associated with reconnection exhausts, flux tubes con-
nected to the quasi-parallel part of the shock, non-reconnecting current sheets, and
mirror-mode waves.

To conclude, it is likely that all the aforementioned formation mechanisms are
at play and jets are indeed produced via multiple different processes. The defini-
tion for a jet as a simple dynamic pressure enhancement is not very limiting, and
thus this definition can include many types of transient structures. Simulations and
spacecraft observations from suitable configurations allow us to observe different jet
formation mechanisms. To understand which mechanism is the most prevalent, we
need observational constraints on the occurrence and properties of jets resulting from
each formation mechanism. Statistical studies of jets can then help us answer this
question.

4.3.2 Propagation in the magnetosheath

After jets are formed, they travel in the magnetosheath and interact with the sur-
rounding plasma. High-speed jets plough through the slower background plasma,
e.g., causing vortical flows and aligning the magnetic field with their flow (Plaschke
et al., 2017; Plaschke and Hietala, 2018; Plaschke et al., 2020b). Jets can compress
the plasma ahead of it, forming a bow wave in front of the jet (Liu et al., 2019). Some
jets can even be supermagnetosonic relative to the surrounding magnetosheath flow
(Hietala et al., 2009, 2012; Liu et al., 2019), which leads to the bow wave steepen-
ing into a bow shock. In a statistical study by Liu et al. (2020a), 13 % of jets were
identified as driving bow waves or shocks.

Observational studies by Liu et al. (2019, 2020a,b) have shown that jet-driven
bow waves/shocks can accelerate both ions and electrons. Liu et al. (2020a) reported
that for jets with bow waves the average energy flux of electrons with energies above
~ 100eV up to the instrumental limit of 25keV was twice the value in the back-
ground magnetosheath. Liu et al. (2020b) presented three events, where the energy
fluxes of electrons of a few hundred eV up to ~ 10keV (up to a few hundred keV in
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Figure 10. An illustration of an event (on October 24, 2010, around 17:30-17:40 UT) studied by
Liu et al. (2020b), where THEMIS A, D, and E spacecraft observed acceleration of suprathermal
electrons during the passage of a jet-driven bow wave. The figure is from Liu et al. (2020b),
reproduced with the permission of American Geophysical Union.

one of the events) were enhanced ahead of a jet-driven bow wave. Figure 10 shows
an illustration of the Event 3 of this study. These results show that magnetosheath
jets can contribute to further acceleration of suprathermal particles downstream of
the shock. In Paper IV, we study electron acceleration at jet-driven bow waves with
test-particle Monte Carlo simulations, to gain insight on the possible acceleration
mechanism at play. The results of our simplified model suggest that enhanced en-
ergy fluxes of suprathermal electrons of the order observed by Liu et al. (2020a,b)
may be produced by a collapsing trap that forms between the jet-driven bow wave
and the magnetopause (or some other mirror in the magnetosheath), along with shock
drift acceleration at the bow wave.

4.3.3 Impacts on magnetosphere and ionosphere

While jets are most prevalent near the bow shock, jets can also be observed close
to the magnetopause. This indicates that some jets can propagate all the way from
the bow shock to the magnetopause, while others dissipate or disintegrate before
reaching the magnetopause. LaMoury et al. (2021) found that solar wind conditions
affect the formation of jets at the bow shock and their ability to propagate deep into
the magnetosheath differently. According to their results, jets are more likely to
propagate far into the magnetosheath when the IMF cone angle is low and the solar
wind speed is high.

Plaschke et al. (2016) and later Plaschke et al. (2020a) used the data set of
Plaschke et al. (2013) to study the sizes of jets and estimated how often they impact
the magnetopause. This empirical model of jet impact rates is described in Section
5.4.2, and we also apply it in Paper I. The sizes of observed jets range from a frac-
tion of the Earth’s radius to a few Earth radii. Plaschke et al. (2020a) estimated that
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Figure 11. A sketch illustrating the proposed time evolution for the event observed by Hietala et al.
(2018), where THEMIS spacecraft (the colored dots) first observed no signatures of reconnection
at the magnetopause, but after a magnetosheath jet impact a reconnection outflow was observed.
The figure is from Hietala et al. (2018), reproduced with the permission of American Geophysical
Union.

jets with diameters > 2 Ry, (transverse to their propagation) impact a reference area
of around 100 R]%: on the subsolar magnetopause (see Section 5.4.2 for the details)
on average 2.4 times per hour overall and 7.9 times per hour during low (< 30°) IMF
cone angle conditions. Small jets are intrinsically harder to detect, but the authors
estimated that the median size of jets would be of the order of 0.1 Rg and thousands
of such jets could hit the magnetopause in an hour. Therefore, jets are constantly
impacting the magnetopause. Larger jets naturally have more substantial individ-
ual effects, but the additive effect of continuous bombardment of smaller jets on the
magnetopause may also be important.

As jets impinge on the magnetopause with their enhanced dynamic pressure,
they can deform the magnetopause on scales comparable to the Earth radius (Hietala
et al., 2009; Amata et al., 2011; Hietala et al., 2012; Archer et al., 2012; Escoubet
et al., 2020) and launch surface waves along the magnetopause (Archer et al., 2019).
These magnetopause indentations can rebound, leading to sunward flows near the
magnetopause (Shue et al., 2009; Dmitriev and Suvorova, 2012). These perturbations
can also launch ULF waves into the magnetosphere (Archer et al., 2013).

Jets have been proposed to potentially affect the conditions for magnetopause
reconnection. Hietala et al. (2018) reported the first direct observations of this. Uti-
lizing multi-spacecraft THEMIS measurements, they first observed no signatures of
reconnection at the magnetopause. After observing an incoming magnetosheath jet,
a reconnection outflow was observed (see Figure 11 for an illustration). They con-
cluded that while the magnetic shear and /3 conditions were favorable for reconnec-
tion, the magnetopause was unusually thick and most likely inhibited reconnection
before the jet compressed the magnetopause allowing reconnection to start. As jets
are by definition enhancements of dynamic pressure, they can be expected to locally
compress the magnetopause current sheet and influence reconnection in this way.
Nykyri et al. (2019) presented a multi-spacecraft event, where they observed mag-
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netosheath jets with southward magnetic field during weakly northward IMF. They
used timing analysis to propose that these jets triggered magnetopause reconnection,
which transported magnetic flux to the magnetotail, acting as the final trigger before
an observed substorm onset. The authors suggested that these strong pulses of south-
ward Bz (in GSM coordinates; see Section 5.2) observed inside these jets provided
favorable conditions for magnetopause reconnection. In Paper V, we statistically
investigate the magnetic field within jets, in particular their north-south component
Bz (GSM), as the first step to understand whether jets can be statistically expected
to alter the local conditions for magnetic reconnection, making conditions for recon-
nection more or less favorable. We find that the magnetic field within jets is more
varying than in the surrounding magnetosheath. Most jets contain Bz opposite to
the prevailing IMF Bz, thus potentially being able to change the local conditions for
reconnection at the magnetopause.

Since the publication of our paper, our results have already motivated further re-
search on the topic. In a recently published PhD thesis, LaMoury (2023) considered
the additional effect of plasma g in the AS-shear condition (Equation 12). Study-
ing THEMIS 2008-2018 observations near the magnetopause, they found that the
plasma (3 is typically enhanced in jets. For low IMF cone angles (< 30°), the fa-
vorability for reconnection was similar between jet and non-jet observations, both
during northward and southward IMF Bz. However, for increasing cone angles jet
plasma was found to be consistently less favorable for reconnection, indicating that
the most likely effect of jets is to suppress reconnection. Similar to our methodology,
LaMoury (2023) looked at the extreme values in jet intervals. Half of the jets dur-
ing low IMF cone angle and northward IMF were estimated to contain some plasma
favorable for triggering reconnection, while 70-80 % of jets during southward IMF
were estimated to contain plasma favorable for suppressing reconnection during all
cone angle conditions. Overall, the results of LaMoury (2023) indicate that, while
jets can contain plasma both favorable and unfavorable for reconnection, suppression
is expected to be the more dominant effect due to the enhanced .

LaMoury (2023) also presented a case study of THEMIS A, D, and E observing
magnetosheath jets during an interval when numerous magnetopause crossings were
recorded. During this interval, the magnetopause exhibited local indentations and os-
cillatory motion, most likely related to the incident magnetosheath jets. The authors
inferred ongoing reconnection from signatures of reconnection exhausts and found
that reconnection was intermittent throughout the interval. Comparing the state of
reconnection before and after jet observations, the authors found indications of dif-
ferent jets triggering, suppressing, and not changing reconnection all within the same
25-minute interval.

Jets have also been observed to influence magnetopause reconnection in simu-
lations. In hybrid 2D simulations of Karimabadi et al. (2014), a flux transfer event
(FTE) was formed as a consequence of a jet impacting the magnetopause during

33



Laura Vuorinen

quasi-radial IMF. Recent 3D simulations by Ng et al. (2021) showed jet impacts
causing localized bursty magnetopause reconnection during quasi-radial southward
IMF. They attributed these effects mainly to the intensification of the current sheet
when compressed by an impacting magnetosheath jet. The authors also noted that
structures of negative Bz, most likely related to foreshock waves and turbulence,
can contribute to bursty reconnection. This has also been observed in 3D hybrid
simulations of Chen et al. (2021a) for quasi-radial northward IMF.

Jets can have effects inside the magnetosphere, in the ionosphere, and even ob-
servable signatures in ground magnetometers. Hietala et al. (2012) reported obser-
vations of transient convection flow channels in the high-latitude ionosphere around
the time of jet observations in the magnetosheath and suggested that jets caused
enhanced precipitation into the ionosphere. A possible, but still not confirmed, con-
nection has been inferred between magnetosheath jets and throat aurora, which occur
preferentially during low IMF cone angles (Han et al., 2016, 2017, 2018). However,
jets have been observed to cause brightenings of both discrete and diffuse auroral
forms on the dayside auroral oval (Wang et al., 2018), indicating enhanced particle
precipitation to the ionosphere. Ground magnetic disturbances associated with jets
impacts have also been identified by multiple authors (Dmitriev and Suvorova, 2012;
Norenius et al., 2021; Wang et al., 2022; Dmitriev and Suvorova, 2023). While strong
ground magnetic disturbances may lead to space weather effects also on ground,
Norenius et al. (2021) estimated that harmful effects from jets are not likely.
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5 Data and Methods

In this chapter, we present the data and methodology of this thesis. We introduce the
spacecraft missions and data sets along with the multiple empirical models employed
in this thesis. Finally, we introduce the test-particle Monte Carlo model developed
for studying electron acceleration at a jet-driven shock in the magnetosheath.

5.1 Spacecraft observations

In this thesis, we rely on in-situ spacecraft observations from the Earth’s magne-
tosheath. We mainly use data from Time History of Events and Macroscale Inter-
actions during Substorms (THEMIS) mission (Angelopoulos, 2008), but data from
the Magnetospheric Multiscale (MMS) mission (Burch et al., 2016) is also used. For
context on the solar wind conditions at any particular time, we also use data from the
OMNI data set, which combines in-situ data from multiple spacecraft at Lagrange
point 1 (L1) (King and Papitashvili, 2005).

5.1.1 THEMIS

THEMIS is a mission operated by the National Aeronautics and Space Administra-
tion (NASA). It was launched into a highly elliptical geocentric orbit on February
17, 2007 as a constellation of five identical satellites (see a model the spacecraft in
Figure 12) named THEMIS A, B, C, D, and E. Its primary scientific goal was to de-
termine what triggers substorms in the Earth’s magnetotail and how these substorms
evolve in time. In 2010, THEMIS B and C were repurposed into the Acceleration,
Reconnection, Turbulence and Electrodynamics of the Moon’s Interaction with the
Sun (ARTEMIS) mission and inserted to lunar orbits. THEMIS near-equatorial or-
bits are fixed to the stars, drifting around the Earth throughout the year. For part of
the year, THEMIS apogees are on the dayside, enabling research on the foreshock,
bow shock, magnetosheath, and the magnetopause. One of the mission’s scientific
goals was to investigate dayside processes as part of solar wind—magnetosphere cou-
pling. As THEMIS spacecraft have been gathering measurements of the subsolar
magnetosheath since 2008, their observations have been an integral part of the study
of magnetosheath jets. In this thesis, we utilize these large statistical THEMIS data
sets.
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Figure 12. A model of the THEMIS satellites. Figure is adapted from Bonnell et al. (2008),
reproduced with permission from SNCSC.

THEMIS probes are equipped with extensive scientific instrumentation to mea-
sure charged particles and magnetic and electric fields. We use THEMIS data in
Papers I-V, and the studies require moments and velocity distribution functions
(VDFs) of the thermal ion population, magnetic field observations, and suprathermal
electron measurements. These observations are obtained from the following instru-
ments on-board the THEMIS spacecraft, respectively: the Electrostatic Analyzer
(ESA; McFadden et al., 2008), the FluxGate Magnetometer (FGM; Auster et al.,
2008), and the Solid State Telescope (SST; Angelopoulos, 2008).

5.1.2 MMS

MMS mission is operated by NASA, and it has been on a highly elliptical orbit
around the Earth since its launch on March 13, 2015. This mission consists of four
identical satellites whose distance from each other can be as low as tens of kilome-
ters. Together with high temporal resolution measurements, MMS allows for ob-
servations of phenomena on unprecedentedly small scales and for disambiguating
spatial and temporal variations. The main scientific goal of the MMS mission is to
study microphysics of magnetic reconnection, and thus, along with the magnetotail,
a major region of interest is the dayside magnetopause. MMS observations have also
been utilized for studying the kinetic physics of the Earth’s bow shock and they have
spent substantial amounts of time in the dayside magnetosheath, making MMS an
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important mission for magnetosheath jet studies. We have utilized MMS observa-
tions of jets to support the analysis of Paper II and to analyze the event studied by
Nykyri et al. (2019) in Paper V. We have utilized plasma moment data from the Fast
Plasma Investigation instrument (FPI; Pollock et al., 2016) and magnetic field data
from the FIELDS fluxgate magnetometer (Torbert et al., 2016).

5.1.3 OMNI data set

We link observations in the magnetosheath to upstream solar wind conditions by
using the high-resolution (1-min cadence) OMNI data set (King and Papitashvili,
2005). OMNI data is a combination of measurements from multiple spacecraft lo-
cated at L1, 1.5 million kilometers from Earth, but most importantly from the Ad-
vanced Composition Explorer (ACE; Smith et al., 1998; McComas et al., 1998) and
Wind (Lepping et al., 1995; Ogilvie et al., 1995) spacecraft. At this location, we can
measure the solar wind that is coming towards the Earth approximately an hour in
advance. OMNI data is propagated to the nose of the Earth’s bow shock to account
for the estimated time lag between the L1 point and the Earth.

OMNI observations do not always accurately represent the local conditions up-
stream of the Earth’s bow shock, and in fact fail relatively often (e.g., Walsh et al.,
2014; Vokhmyanin et al., 2019). This is because the propagation inherently contains
uncertainty and the solar wind may develop along the way to the Earth. Additionally,
the observing spacecraft and the Earth may not be in the same flux tube and the solar
wind can exhibit significant variations on scales comparable to the transverse size of
the Earth’s magnetosphere. When studying individual events, it is especially impor-
tant to consider the possibility for large uncertainties in the solar wind conditions as
estimated by the OMNI data set. In such studies, local upstream measurements from
a nearby spacecraft are preferred.

The significant advantage of the OMNI data set is its almost continuous cover-
age, which enables statistical studies of how solar wind conditions affect phenomena
at the Earth. During the years when the research of this thesis has been conducted,
large statistical data sets combining magnetosheath observations with local upstream
measurements have not been available, and OMNI data has been the only option
available for large statistical studies. When using large data sets, random errors can
be expected to average out, but any systematic errors will remain. As the list of suit-
able conjunctions, where there is a spacecraft observing jets in the magnetosheath
and also a spacecraft present in the local upstream region, is growing, data sets uti-
lizing local upstream conditions have started to appear at the time of writing this
thesis. Statistical studies of jets should also be performed using these data, and these
results should be compared to previous results obtained using OMNI data. While the
uncertainty in propagation vanishes, it must be noted that magnetospheric missions
are not designed for the accurate measurement of the narrow solar wind beam and
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thus the quality of plasma measurements can be poor depending on the instrument
modes. While many spacecraft instruments have a solar wind mode, this is often
not used in the presence of the foreshock region as wide angular coverage is prior-
itized. This is especially true for the temperature measurement, while ion number
density measurement can be often cross-checked with electron measurement and the
estimate derived from the spacecraft potential.

5.1.4 Subsolar magnetosheath data set

Most of the work presented in this thesis utilizes a large statistical data set consist-
ing of THEMIS spacecraft measurements from the subsolar magnetosheath and the
jet observations adhering to the jet definition by Plaschke et al. (2013). This was
first published by Plaschke et al. (2013) for the purpose of studying anti-sunward
high speed jets, and this first version of the data set contained data from the years
2008-2011. Since then, it has been extended, with LaMoury et al. (2021) using ob-
servations from years 2008—-2018 and Koller et al. (2022) from years 2008-2020. In
Paper I and Paper V, we utilize data from 2008-2011. In Paper II and Paper III,
we use the latest version consisting of measurements in 2008-2020, notably for the
first time spanning over an entire solar cycle (Solar Cycle 24, Dec 2008-Dec 2019;
Solar Influences Data Analysis Center, 2023). The growing size of this data set has
ensured a wide coverage of different solar wind conditions and enabled increasingly
detailed statistical studies of jets.

In the following, we summarize how these data sets have been assembled, as
originally defined by Plaschke et al. (2013). THEMIS spacecraft were in the re-
gion of interest near the subsolar magnetosheath when they were located within a
30°-wide Sun-centered cone with its tip at Earth and within a 7-18 Rg geocentric
distance. The corresponding solar wind conditions for each measurement were ob-
tained from the OMNI data set as a running average of the preceding five minutes. To
ensure that the spacecraft were not in the upstream solar wind, the density observed
by THEMIS ESA instrument was required to be twice of that in the solar wind. Ad-
ditionally, the energy flux of 1keV ions was required to exceed that of 10keV ions
to exclude observations from inside the magnetosphere. Data from different instru-
ments (here ESA and FGM) were interpolated to common timestamps with a 1-s
cadence. Due to their best availability, ESA on-board moment data and FGM spin-
resolution data, both with nominal cadence of 3 s, were used when assembling the
data set. When taking magnetosheath intervals longer than two minutes and apply-
ing the Plaschke et al. (2013) jet criteria introduced in Section 4.1 (Equations 14—
15), these criteria yielded around 2,700 (11,000) hours of subsolar magnetosheath
data along with 2,859 (16,494) observed jets during years 2008-2011 (2008-2020;
Koller et al., 2022).
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5.2 Magnetospheric coordinate systems

Perhaps the most commonly used magnetospheric coordinate system is the Geocen-
tric Solar Ecliptic (GSE) coordinate system (e.g., Russell, 1971). The Xggg-axis
points sunward along the Sun-Earth line and the Ygsg-axis points duskward in the
ecliplic plane opposite to the direction of Earth’s orbital motion. The Zggg-axis
completes the right-handed coordinate system, pointing towards the ecliptic north
pole.

When studying dayside magnetopause reconnection, Geocentric Solar Magne-
tospheric (GSM) coordinate system (e.g., Russell, 1971) is typically used, which is
defined with respect to the Earth’s dipole magnetic field axis. The orientation of this
axis with respect to the ecliptic plane varies due to the orbital motion of the Earth
around the Sun and due to the Earth’s rotation around its own orbital axis (which
is tilted with respect to the magnetic dipole axis). The Xgsm-axis is defined iden-
tically to the Xgsg-axis. The Yggm-axis is defined to be perpendicular to both the
Xgsg-axis and the Earth’s magnetic dipole axis in this right-handed coordinate sys-
tem. Now the Xgsm—Zgsm plane contains the Earth’s magnetic dipole axis, and the
direction of Zggy is chosen such that the positive direction corresponds to the north
magnetic pole. Thus, at the subsolar magnetopause, the Earth’s magnetic field points
northward (Bz gsm > 0). Therefore, southward magnetic field (Bz gsm < 0) in the
solar wind and/or in the magnetosheath is of interest when studying magnetopause
reconnection.

As described in Section 3.2.1, the orientation of the interplanetary magnetic field
controls the location of the foreshock and the quasi-parallel and quasi-perpendicular
shock regions. We use the Geocentric InterPlanetary Medium (GIPM) coordinate
system (Bieber and Stone, 1979), which is defined by the IMF and thus allows us
to compare spacecraft locations with respect to the expected foreshock location in
a relatively simple manner. This coordinate system has been previously utilized in
magnetosheath studies (e.g., Verigin et al., 2006; Dimmock and Nykyri, 2013). The
unit vectors of the GIPM coordinate system can be determined in GSE coordinates
as follows (Verigin et al., 2006):

XGIPM _ Vx, Vy — 30 krn/s —Vz) (16)
VVZ + (Ve +30 kns)2 + V3
(-B+ (B ‘?(GIPM)?(GIPM)’ (B Koy > 0
YGIPM _ ’B — (B '?{GIPM)?(GIPM| (17)
(B — (B - Xgiem)Xarem) . N
= = , if B Xgipm <0
B — (B - Xaiem) Xarpm|

ZGIPM = XGIPMXYGIPM- (18)

Here V = (Vx, V3, V) is the solar wind velocity and B = (Bx, By, Byz) is the
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Figure 13. A cartoon of the GIPM X—Y plane, which contains the Xgpy-axis (anti-parallel to the
aberrated solar wind velocity) and the IMF vector. The IMF cone angle agpm always opens
towards the —Ygpy direction. The gray-shaded area estimates the subsolar magnetosheath
region from where the spacecraft observations are taken. The figure is adapted from Vuorinen

et al. (2019) and licensed under CC BY.

IMF vector, both in GSE. The Xgpm-axis is anti-parallel to the solar wind velocity,
but with a correction for orbital aberration. The YgipMm-axis is defined such that the
IMF is in the Xgipm—Yaipm plane, or in other words, Xgipm—Ygipm is the plane
spanned by the aberrated solar wind velocity vector and the IMF vector.

The Xgipm—Yaiem plane is illustrated in Figure 13. As the IMF cone angle
increases, the foreshock (and the quasi-parallel shock region) moves towards the
—Ysipm direction. Therefore, by investigating jet occurrence as a function of Ygipm
for different IMF obliquities, we can map the spatial occurrence of jets downstream
of the quasi-parallel and quasi-perpendicular shock regions. Instead of defining the
cone angle with respect to the Sun-Earth line, we define the GIPM IMF cone angle
with respect to the X gpm-axis:

|B - XG1PM|

= € [0°,90°]. (19)

AOGIPM — arccos

These angles are almost identical, because the solar wind velocity is typically closely
aligned with the Sun-Earth line, and the orbital aberration effect is ~ 5°.
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5.3 Conditional probabilities
Bayes’ theorem describes conditional probabilities and is written as

P(BlA)P(A)

P(AIB) = ——prpe™,

(20)
where P(A) and P(B) are probabilities of observing events A and B, respectively,
and P(A|B) and P(B|A) are conditional probabilities of observing event A given
that B is true and observing event B given that A is true, respectively. In this thesis,
we study how different solar wind conditions and/or the location of the spacecraft
(here we call them simply “conditions”) affect the number of observed jets. As an
example, the apogee of THEMIS orbits are such that there are significantly more
observations close to the magnetopause than to the bow shock. This causes jets close
to the magnetopause to be over-represented in our data set compared to jets close to
the bow shock. We use conditional probabilities to take such biases into account. In
our case Bayes’ rule is written

P(conditions|jet) P(jet)
P(conditions)

P(jet|conditions) = (21)

The probabilities on the right-hand side can be estimated by using the numbers
of observations: P(jet) = N(jet)/N, P(conditions) = N(conditions)/N, and
P(conditions|jet) = N(conditions A jet)/N (jet). Thus, the conditional probabil-
ity (or normalized probability as referred to in this thesis) becomes simply

N (conditions A jet)
N (conditions)

P(jet|conditions) = (22)

As the data cadence is 1 s in the statistical magnetosheath jet data set we use, we can
convert the number of observations into observation time and write a jet occurrence
(observation) rate

N (conditions A jet) N (conditions)

R(jet|conditions) =

N (conditions) 1s
N (conditions A jet)
S
— 60 x 60 x N(condit}ilons /\jet)'

5.4 Empirical models

In this thesis, we utilize multiple empirical (statistical) models, which have been
built based on large numbers of spacecraft observations. We use these models to
estimate where the bow shock and the magnetopause are located, how often jets hit
the magnetopause, and how jet occurrence rates vary throughout the solar cycle.
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5.4.1 Bow shock and magnetopause models

We apply empirical models of the bow shock and the magnetopause to estimate the
relative position of the spacecraft in the magnetosheath. Inferring the relative loca-
tion of the spacecraft in the magnetosheath is important for understanding different
jet formation mechanisms, jet propagation, and their likelihood to impact the magne-
topause. These models are needed because these boundaries are not fixed in space,
but their position and form changes in response to upstream solar wind variations.
Most significantly, the bow shock and the magnetopause move closer and further
from the Earth in response to upstream dynamic pressure variations. The models are
semi-empirical, meaning that they assume a functional form and then the fit param-
eters are estimated from actual measurements of spacecraft crossing the bow shock
and the magnetopause. We use the bow shock model by Merka et al. (2005), which
takes as input parameters the solar wind dynamic pressure and the Alfvén Mach num-
ber M. For the magnetopause, we use the model by Shue et al. (1998), which is
dependent on the solar wind dynamic pressure and the IMF Zggn-component By.
The relative radial position F' of the spacecraft between the model bow shock (at
F' = 1) and the model magnetopause (at F' = 0) can be calculated as

r —TMP

FPe=——.
TBS — 'MP

(23)
Here r is the geocentric distance of the spacecraft. rgg and ry\p are the geocentric
distances of the model bow shock and the model magnetopause measured along that
same radial line.

Although the empirical bow shock and magnetopause models statistically rep-
resent the observations, they can be highly uncertain for individual events, as the
bow shock-magnetosphere system has a finite response time to variations in the solar
wind. At this moment, we do not have continuous data of the bow shock and magne-
topause locations, and single spacecraft crossings, of especially the magnetopause,
can be relatively far from the nominal position due to local corrugations. The first
step toward improving these estimates would be to improve the quality of inputs (the
estimated upstream conditions propagated from L1 measurements) to these mod-
els. However, perhaps local magnetosheath properties could also be used to infer
position in the magnetosheath. Such an idea was recently pursued by Sibeck et al.
(2022), who showed that it is possible to infer the locations of the boundaries from
the observed velocity gradient between two spacecraft in the magnetosheath.

5.4.2 Magnetopause impact rates of jets

As discussed in Section 4.3.3, jets can cause effects inside the magnetosphere when
they impact the magnetopause. Thus, the first step towards assessing their geoeffec-
tiveness is to estimate how often jets hit the magnetopause. Plaschke et al. (2016)
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developed an empirical model for this purpose using the subsolar magnetosheath
data set by Plaschke et al. (2013) (see the original paper for a full description), but
only considering measurements of THEMIS A, D, and E which had orbits close to
the magnetopause. They used the jet observation rate (Jops near the magnetopause
to estimate the number of jets that will go on to hit the magnetopause per unit time.
However, the jets observed by the spacecraft are only a small fraction of all jets,
because spacecraft observations are limited to essentially singular points in space.
Thus, an estimation of the magnetopause impact rates of jets requires a correction
for the jets that were not observed. The probability to observe a jet increases for
jets of larger size. Therefore, knowledge of the size distribution of jets is needed to
perform this correction.

Plaschke et al. (2016) found 662 jet observations where two spacecraft were
approximately in the same plane transverse to the propagation direction of the jet.
Based on these events, they estimated the probability for two spacecraft at a given
separation to both observe the same jet. Assuming circular cross-sections of jets, an
exponential distribution P, of perpendicular jet diameters D was found to provide
a good fit with the observations:

P =exp(=D1/D1o)/D1o, (24)

with D g = 1.34 Rg. The observation rate of jets larger than a given minimum size
D | min could then be estimated as

o0

QobsPL(D1)dD . (25)
D | min

Here Q.5 is the number of jets observed per unit time by a single spacecraft. This
parameter is a constant in the integral, as it does not depend on D |, but its value can
be varied when considering different solar wind conditions. Finally, adding a cor-
rection factor for the jets not observed, Plaschke et al. (2016) obtained the following
formula for the estimated magnetopause impact rate of these jets on a reference mag-
netopause area Apef:

o Aref
imp — A 1y )\ wo sP D,)dD (26)
Q b /DLmin AJet(DJ—)Q ° J_( J_) +
~ P/(D
=4 Aref COs ¢ Qobs / # dDJ_ (27)
DLmin DL
_ 4 Arr €08 ¢ Qons / T e Du/Du LD;. (28)
ﬂ-DJ-O DLmin DJ_

Ajer = (D /2)?/ cos ¢ is the projection of the jet’s cross-sectional area onto the
reference area that is on a plane perpendicular to the Sun-Earth line (see Figure 14).
¢ is the mean of the angle between the jet propagation direction and the Sun-Earth
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Figure 14. A cartoon illustrating the reference magnetopause area A.s and projected jet area
Aj. The figure is from Plaschke et al. (2016) and licensed under CC BY.

line. The reference area used by Plaschke et al. (2016) (and also in this thesis) was a
Aper = 102 RZ circular area defined by a 30° Earth-tipped and Sun-facing cone and
the average radial distance 11.4 Rg of the observations from the center of Earth.

We note that Plaschke et al. (2020a) have since updated this model. They found
that after multiplying P, by the correction factor 1/ Di (see Equation 27) it could not
be normalized. According to their new results based on an updated log-normal size
distribution, the previous form used by Plaschke et al. (2016) led to an overestimation
of smallest-scale jets. However, the results of Plaschke et al. (2016) and the results
presented in Paper I for large-scale (and the most likely geoeffective) jets remain
largely unchanged.

5.4.3 Reconstruction of yearly jet occurrence rates over a solar
cycle

In Paper III, we use THEMIS data over years 2008—2020 spanning across the solar
cycle 24 (from December 2008 to December 2019) in concordance with the OMNI
solar wind data set to study how the occurrence of jets varies across the solar cycle.
As shown in the paper, a comparison of the yearly occurrence rates of jets is suscep-
tible to biases related to variations in the apogees of THEMIS spacecraft during these
years. These biases render the observed yearly jet occurrence rates non-comparable
from year to year. However, this extensive data set (Koller et al., 2022) of over 16,000
jets together with the OMNI solar wind data set contains a lot of statistical informa-
tion on jet occurrence rates under different solar wind conditions. We use this data
to create an empirical statistical model of jet occurrence as a function of solar wind
conditions and apply this model to all OMNI observations of the solar cycle 24, and
also of the previous solar cycle 23.

Figure 15a shows an illustration of our model, which is essentially a “data cube”
or a “look-up table”, where we divide the solar wind parameter space into bins and
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Figure 15. A cartoon describing (a) the model, in which we use THEMIS and OMNI data to
estimate jet occurrence rates in the solar wind parameter space bins. New OMNI solar wind data
can be then input to the model, obtaining an estimate for number of jets in the new data; (b) using
K-fold cross-validation (with K = 4) on a training set (80 % of the data) to find the best model
using, and obtaining the error estimates of the model by testing it on the final test set (20 % of the
data). The figure is from Vuorinen et al. (2023b) and licensed under CC BY.

calculate the number of jets per unit time in each of the bins. When we have a
new interval of solar wind data, we can then estimate/predict the number of jets for
that data by first counting how much time was spent in each of the bins and then
multiplying these times by the jet occurrence rates of the model, obtaining a number
of jets. A model (jet occurrence rates in the solar wind parameter space) is defined
by the solar wind parameters used and the number of bins in the parameter space.
Figure 15b illustrates the process of developing the model with our data set: we
first train the model with 80 % of the data and in the end test the model with the
remaining 20 % of the data. During training, we systematically change the model
(the parameters included and the numbers of bins) and use K-fold cross-validation
(with K = 4) (Hastie et al., 2009) to determine which model performs the best.
During final testing, applying the model to unseen data allows us to estimate the
error of the model. The performance of the models is quantified with two error
measures, one comparing the yearly jet occurrence rates to the observed rates and the
other measuring the stability of the jet occurrence rates in each bin of the solar wind
parameter space. After training the model and testing its performance on unseen
data, we apply it to new OMNI data spanning the entire solar cycles 23 and 24 to
obtain estimations of the unbiased jet occurrence rates.

5.5 Test-particle simulation model of electron shock ac-
celeration

In Paper IV, we study electron acceleration at bow waves driven by supermagne-
tosonic jets in the magnetosheath. We model this with test-particle Monte Carlo
simulations (e.g., Jones and Ellison, 1991) of electrons on a single magnetic field
line with the jet-driven bow wave modelled as an MHD shock wave. A schematic of
the simulation setup is shown in Figure 16, and the full description of the model can
be found in the paper (Vuorinen et al., 2022). Electrons with energies 0.1 keV-1 MeV
are introduced uniformly on the field line at the beginning of the simulation, follow-
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Figure 16. The simulation setup and the key parameters, shown in the frame fixed with the
magnetopause. The model follows electrons on a single field line between two magnetic mirrors: a
moving bow wave (MHD shock) driven by a jet and the stationary magnetopause. The model
includes pitch-angle scattering upstream and downstream of the bow wave, controlled by the
parallel mean free paths )| ; and )| .. The field line sweeps across the bow wave as the bow
wave propagates and the local shock parameters change as a function of time. The figure is
adapted from Vuorinen et al. (2022) and licensed under CC BY.

ing a background energy distribution motivated by magnetosheath observations of
Liu et al. (2020b). We follow the electrons under the guiding center approximation
and also include isotropic pitch-angle scattering of off magnetic fluctuations frozen-
in into the background plasma flow. The shock acts as a moving magnetic mirror,
and this interaction between the particles and the shock is treated by moving to the
de Hoffmann-Teller frame (HT-frame) of the shock, where the convectional electric
field vanishes (as discussed in Section 2.2.3). We apply Lorentz transformations to
move between the frames of reference. In the HT-frame, the particle is simply mag-
netically mirrored or transmitted to downstream depending on its pitch-angle (assum-
ing conservation of the first adiabatic invariant). We ignore the cross-shock potential
in our simulation, which would only slightly decrease the probability of reflection for
electrons. We also include another, standing, magnetic mirror which can be consid-
ered as the magnetopause or a strong magnetic structure in the magnetosheath. In the
simulation, the electrons are accelerated at the shock by the convective electric field
in line with the shock drift acceleration process. The two mirrors form a collapsing
trap, which substantially amplifies the acceleration by allowing electrons to interact
with the shock numerous times.

This simplified setup is a natural first step for probing the acceleration of elec-
trons at jet-driven bow waves. In the future, more sophisticated simulations are
needed to study this process in more detail. For example, hybrid-PIC simulations
with suprathermal test-particles would offer a more realistic setup and shock struc-
ture.
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6 Summary of the Results

In this chapter, we summarize the results of this thesis published in Papers I-V.

6.1 Solar wind and IMF control of jet occurrence

(a) Quasi- (b) foreshock (c) B|IVF forefhoc.k L
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| — | —
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Figure 17. A cartoon showing the approximate locations of the foreshock region (gray area) and
the quasi-parallel (turquoise) and the quasi-perpendicular (brown) shock regions in the X—y GIPM
plane for varying IMF cone angles: (a) agipm = 0°, (b) agipm = 45°, and (€) agipm = 90°. The
figure is adapted from Vuorinen et al. (2019) and licensed under CC BY.

In Paper I, we performed a statistical study on how the IMF orientation affects
where and how often magnetosheath jets are observed. We utilized THEMIS obser-
vations from the subsolar magnetosheath from years 2008-2011 (the data set used by
Plaschke et al., 2013). The corresponding solar wind conditions were obtained from
the OMNI data set as running averages of the preceding five minutes. We moved to
the GIPM coordinate system (see Section 5.2) where the X-axis is anti-parallel to
the (aberrated) solar wind velocity vector and the IMF vector lies in the X-Y plane.
In this coordinate system, the quasi-parallel region moves towards the —Y side as
the IMF obliquity increases (see Figure 17). We divided the data into three subsets
based on IMF cone angles: quasi-radial IMF (]0°, 30°)), oblique IMF ([30°,60°)),
and high cone angle IMF ([60°,90°]). We presented the spatial distribution of jet
occurrence in this X-Y plane and found, similar to previous studies, that jets are
more frequent near the bow shock and their occurrence is the highest downstream of
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Figure 18. The jet observation rates as a function of Ygpy Shown separately for the three IMF
cone angle ranges. The spacecraft positions have been scaled to the mean solar wind
Pyyn = 1.76 nPa. The figure is adapted from Vuorinen et al. (2019) and licensed under CC BY.

the quasi-parallel shock. Figure 18 shows the jet observation rate as a function of Y
for these three subsets. According to our results, jets occur 9 times more frequently
during quasi-radial IMF (downstream of the quasi-parallel shock) than during high
cone angle IMF (downstream of the quasi-perpendicular shock). For oblique IMF,
the occurrence rates monotonically increase towards the quasi-parallel side. These
results explicitly showed for the first time that the spatial occurrence of jets fol-
lows the location of the quasi-parallel shock, gradually decreasing toward the quasi-
perpendicular shock. We also used the statistical model of jet magnetopause impact
rates by Plaschke et al. (2016) and found that jets of diameters > 1 R perpendicular
to the propagation direction are estimated to hit the subsolar magnetopause defined
by a 30° solar zenith angle approximately once per minute during quasi-radial IMF
and five times per hour during high cone angle IMF.

In Paper II, we continued to investigate the solar wind control of jet occurrence.
While the IMF cone angle has been considered the only important parameter affect-
ing jet occurrence, a recent study by LaMoury et al. (2021) on an extended THEMIS
data set from 2008-2018 indicated that other solar wind parameters influence it too.
We further investigated their influence by studying THEMIS measurements from
the years 20082020, again taking the corresponding solar wind conditions from the
OMNI data set. We divided the observations into two categories by the IMF cone an-
gle conditions: low ([0°, 30°]) and high ([60°,90°]) IMF cone angles, corresponding
to the two shock regimes, quasi-parallel and quasi-perpendicular, respectively. This
was motivated both from a physical and a statistical perspective. First, the structure
and dynamics of quasi-parallel and quasi-perpendicular shock regimes are different
(see Sections 2.2.2 and 3.2.1). Consequently, the suggested jet formation mecha-
nisms also differ for these two regimes (see Section 4.3.1). Second, because the IMF
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Figure 19. Distributions of the normalized occurrence rates of jets during low ([0°, 30°]; blue) and
high IMF cone angles ([60°,90°]; orange) as functions of other solar wind parameters: (a) IMF
magnitude, (b) speed, (c) density, (d) 3, () dynamic pressure, (f) ion temperature, (g)
magnetosonic Mach number, (h) Alfvénic Mach number, (i) sonic Mach number, (j) fast
magnetosonic Mach number, (k) IMF vector standard deviation, and (I) IMF magnitude standard
deviation. The error bars denote 95 % proportional confidence intervals. The figure is from
Vuorinen et al. (2023a) and licensed under CC BY.

cone angle is such an important parameter controlling jet occurrence, there is a large
difference in the IMF cone angle distributions between the jet and all magnetosheath
data. Therefore, taking IMF cone angle conditions into account is important when
calculating the normalized jet occurrence rates (conditional probabilities; see Sec-
tion 5.3) to avoid interdependecies between the IMF cone angle and other solar wind
parameters to bias the results. Following the conclusions of LaMoury et al. (2021),
we only considered the observations close to the bow shock (0.5 < F' < 1.1; see
Section 5.4.1) with the aim of focusing on solar wind control on jet formation and
excluding propagation effects.

Our statistical results are shown in Figure 19, where we present normalized jet
occurrence rates as a function of solar wind parameters separately for the low (blue)
and high (orange) IMF cone angle subsets. The results indicate that when the IMF
cone angle is low, i.e., the subsolar magnetosheath is downstream of a quasi-parallel
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shock, other solar wind parameters do not significantly influence jet occurrence. In
this data set, jet occurrence commences when the solar wind Alfvénic Mach number
My 2 5, which could be related to the condition of supercriticality for the Earth’s
bow shock. However, this condition is rarely not satisfied at 1 AU and the statistics
are low. Similarly, high variability in the IMF direction (panel k) seems to be unfa-
vorable for jet generation, but the statistics are of low confidence. All in all, these
results indicate that simply the steady presence of a foreshock region is enough for
jet generation, again simplifying our picture of jet occurrence at the quasi-parallel
shock. In contrast, when the IMF cone angle is high and the subsolar shock region
is quasi-perpendicular, we find that other upstream parameters do have an effect on
the observed jet occurrence rates. More favorable conditions for jet formation are in
particular high M, high 3, low magnetic field magnitude B, and low density n. A
correlation analysis suggests that IMF magnitude is most often responsible for varia-
tions in M and (5 and can therefore be considered as the most important parameter.
In accordance with previous studies (Goncharov et al., 2020; Raptis et al., 2020), we
found that the quasi-perpendicular jets tend to be small. While jets of all sizes are
more prevalent during Ma and f3, jets associated with these conditions are smaller
on average.

As the statistical results imply that solar wind M, and 3 control jet occurrence
downstream of a quasi-perpendicular shock, we investigated quasi-perpendicular
bow shock crossings at different M and 3 conditions to understand how the shock
transition changes. Jet occurrence in this regime had not been studied before, and our
understanding of the ability of quasi-perpendicular shocks to generate jets had been
generally poor. The high M4 and (5 observations show, similarly to previous studies
(Sulaiman et al., 2015; Sundberg et al., 2017; Madanian et al., 2021; Petrukovich
and Chugunova, 2021), that with increasing M (and 3, as these two parameters
are highly correlated at 1 AU) the shock crossing exhibits a more extended transition
from the upstream state to the downstream state. This is related to the increased
gyroscales in low | B| conditions. In our example events, spacecraft near the shock
observed jets in the highly structured transition region, but spacecraft deeper in the
magnetosheath did not observe jets, indicating that these jets do not propagate far
and are not expected to be geoeffective. In Figure 20 we show one of the example
events, where THEMIS A in the upstream confirms highly perpendicular magnetic
field geometry (Bz gsg dominates), THEMIS E crosses the shock from the magne-
tosheath to the solar wind observing dynamic pressure enhancements in the transition
region of the shock, and THEMIS D deeper in the magnetosheath does not observe
jets, indicating that the structures have already dissipated or that they were simply
temporal variations instead of propagating structures. For our other example event
(not shown here, see the original paper Vuorinen et al., 2023a), burst-level data al-
lowed for a more detailed look into the velocity distribution functions (VDFs) of one
of these jets. They revealed the presence of a non-gyrotropic gyrating ion popula-
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Figure 20. Observations by THEMIS A (in the solar wind), E (crossing from magnetosheath to
the solar wind), and D (in the magnetosheath) on May 11, 2015. (a) ion omni-directional energy
spectrogram, (b) magnetic field magnitude, (c) magnetic field GSE components, (d) ion number
density, (e) ion velocity magnitude and GSE components, (f) ion total, parallel, and perpendicular
temperatures, and (g) total and GSE —X aligned dynamic pressures with 1/2 (orange) and 1/4
(magenta) of OMNI solar wind dynamic pressure. We have highlighted jets that fulfill the Plaschke
et al. (2013) criteria by a magenta shading. The figure is from Vuorinen et al. (2023a) and licensed
under CC BY.

tion, which can periodically increase the earthward dynamic pressure causing jet-like
enhancements. This is most likely related to ion motion near the shock, but with ex-
tended spatial scales due to the low IMF magnitude. While these structures fulfill the
jet criteria, they likely do not fit our typical picture of jets as coherent propagating
structures.

The characteristics of the solar wind change during the solar cycle, as the struc-
ture of the Sun’s magnetic field becomes more complicated and the Sun more active
near the solar maximum. The size of large-scale solar wind structures is much larger
than the Earth’s dayside magnetosphere, and they manifest as variations in the solar
wind conditions observed at the Earth. Koller et al. (2022) studied magnetosheath
jets in relation to large-scale solar wind structures, SIRs and CMEs. Motivated both
by previous studies of solar wind control of jet occurrence and the results of Koller
et al. (2022), in Paper III, we investigated how jet occurrence varies during the so-
lar cycle. We again utilized the extensive THEMIS data set from 2008-2020 (Koller
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et al., 2021), which spans over the solar cycle 24 (December 2008 to December
2019).

While comparing the yearly average jet occurrence rates (jets per observation
time), we found that the observations were biased due to orbital variations through-
out the years. Previous studies (and this data set) show that jets are much more
common close to the bow shock than close to the magnetopause. Therefore, fewer
jets were observed during the years when the apogees of spacecraft orbits were lower.
We controlled for this bias by only considering jets close to the model the bow shock.
However, this selection introduced another bias: during the years when the apogees
were low, the spacecraft were close to the model bow shock during solar wind con-
ditions when the magnetosphere was compressed and the bow shock was closer to
the Earth. This happens during high solar wind dynamic pressure conditions. Conse-
quently, the resulting distributions of OMNI solar wind conditions during THEMIS
observation times were different from the distribution of all OMNI measurements in
those years. Curiously, this bias also led to high IMF cone angle conditions being
over-represented in some of the years, by an interrelation of high solar wind dy-
namic pressure and high IMF cone angle. Overall, the changes in orbital apogees
of THEMIS spacecraft yielded non-comparable the jet occurrence rates between the
solar maximum and the solar minimum.

As a direct comparison of the jet occurrence rates during different years is not
possible, we instead created a statistical model utilizing the vast amount of THEMIS
and OMNI data which contain information on how jet occurrence depends on the
solar wind conditions. Using geocentric coordinate systems (see Section 5.2), the
calendar year of the observations is not important, so with a model of how jet oc-
currence varies as a function of solar wind conditions we can estimate the unbiased
yearly jet occurrence rates by giving all the yearly OMNI observations as an input.
This statistical model is introduced in Section 5.4.3 and thoroughly described in the
paper. After building and testing the model, we found that the best model uses IMF
cone angle and IMF magnitude (in line with the results of Paper II). Notably, IMF
cone angle alone was enough to recreate the significant variations.

We applied the models to OMNI data from the solar cycles 23 and 24 to get
the first-ever estimations of how jet occurrence varies throughout the solar cycle.
The obtained results for the models using only IMF cone angle and the best model
using IMF cone angle and IMF magnitude are shown in Figure 21. Our reconstruc-
tions indicated that the jet occurrence does not vary strongly across a solar cycle,
but there may be a 10-20 % decrease during solar maxima, which was within the
uncertainties of the model. Jets can thus be expected to be a relatively constant phe-
nomenon present throughout the solar cycle. These yearly averages of the number
of observed jets per hour (~ 3—4 jets/h) would correspond to 26,000-35,000 observ-
able jets/year. These numbers are based on the numbers of jets observed by a single
THEMIS spacecraft, but since a spacecraft cannot observe every jet, the true number
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Figure 21. Estimations of the yearly jet occurrence rates obtained by applying the statistical
models using (a) IMF cone angle and (b) IMF cone angle and IMF magnitude on all OMNI data
from years 1996—2020 (solar cycles 23 & 24). The error bars show the estimated uncertainties of
the models. The pink line shows the smoothed sunspot number from NOAA. The figure is adapted
from Vuorinen et al. (2023b) and licensed under CC BY.

of jets forming is higher. Magnetosheath jets are evidently very frequently formed
at the Earth’s bow shock, and their role in the solar wind—magnetosphere interaction
needs to be determined.

6.2 Electron acceleration at jet-driven bow waves

In Paper IV, we presented the first modelling results of electron acceleration at bow
waves that can form ahead of supermagnetosonic jets propagating in the magne-
tosheath. This simple 1D test-particle model (introduced in Section 5.5 and described
in detail in the paper) follows electrons on a single field line between the jet-driven
bow wave (which is modelled as a curved MHD shock) and a standing mirror (e.g.,
the magnetopause or another standing mirror in the magnetosheath). These two mir-
rors form a collapsing magnetic trap. We performed a parameter study in which we
studied the relative significance of the magnetic trap and pitch-angle scattering and
compared the electron spectra to those observed by Liu et al. (2020b).

To obtain results that are similar to observations, we found that the magnetic trap
has to keep particles trapped for a long enough time to allow the electrons inter-
act with the shock many times. The role of scattering was found to be unimportant
in comparison to the collapsing trap. In the simulations, particles were accelerated
due to the collapsing trap between the bow wave and the magnetopause with shock
drift acceleration at the moving bow wave. The free energy comes from the rela-
tive motion between the fast jet and the surrounding magnetosheath plasma. We ran
simulations with two different background plasma conditions corresponding to repre-
sentative conditions in the Earth’s magnetosheath (as determined from the THEMIS
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Figure 22. Simulations with magnetosheath field obliquity (a—c) 6,51, = 30° and (d—f) 60°. (a,d)
The time variation of 6,, at the shock for the three different bow wave speeds. (b,e) The time
variation of the magnetic compression ratio of the bow wave for bow waves of different speeds with
magnetosheath conditions (8msn = 8, Ma,msh = 1; dashed line) and (Bmsh = 3, Ma msnh = 0.5;
dotted line). (c,f) The ratios of peak energy flux spectra to the initial spectrum. The figure is from
Vuorinen et al. (2022) and licensed under CC BY.

subsolar magnetosheath data set). We also presented results for two different back-
ground magnetic field obliquities and varied the speed of the jet-driven bow wave.
All the varied parameters were found to be important for the efficiency of acceler-
ation in our simulations, but we note that the bow wave speed especially has to be
high (300-400 km/s) for acceleration to occur. According to our results shown in
Figure 22, these bow waves are able to accelerate electrons with energies ~ 100eV
to ~ 10keV, even up to a few hundred keV (see Figure 22c&f). The final energy
fluxes at these energies were 1-3 times the initial values, which were similar to the
energy flux increases observed by Liu et al. (2020b). Our simulation results suggest
that in the spatial and temporal scales corresponding to the jets in the Earth’s mag-
netosheath, a collapsing trap with shock drift acceleration at the jet-driven bow wave
could explain the observed energization of electrons.
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Summary of the Results

6.3 Bz in magnetosheath jets

In Paper V, we presented the first statistical study with the aim to understand how
magnetosheath jets could influence magnetopause reconnection. Observations re-
ported by Hietala et al. (2018) and Nykyri et al. (2019), and later in the PhD thesis of
LaMoury (2023), suggest that jets can trigger reconnection as they impact the mag-
netopause. This paper focused on studying the Bz (GSM) magnetic field component
in jets, to determine whether jets alter the magnetic shear at the magnetopause in a
statistical sense. We used data from the THEMIS spacecraft from years 2008-2011
(the data set used by Plaschke et al., 2013) and complemented these observations
with OMNI solar wind observations. We divided the data to northward (BIZMF > 0)
and southward IMF (BIZMF < 0) subsets. We considered THEMIS observations close
to the model magnetopause (—0.1 < F' < (0.3; see Section 5.4.1) and compared the
Bz measurements during jet intervals to those during similar-duration non-jet inter-
vals sampled from the magnetosheath data set. We performed the sampling of non-jet
intervals such that their IMF cone angle distribution matched that of jet intervals to
remove bias related to the IMF cone angle. Using bootstrap sampling (Efron and
Tibshirani, 1993), we were also able to estimate the uncertainty in the results.

According to our results, both jet and non-jet magnetosheath B observations
are roughly as likely (~ 20-30 %) to be of the opposite polarity to the IMF B.
However, there is a clear difference how these observations are distributed between
individual intervals. When we investigate how the magnetic field varies within indi-
vidual intervals, we find that most jets (60—70 %) contain at least some Bz opposite
to the IMF By in comparison to ~ 40 % of non-jet intervals. This suggests that
the magnetic field within jets is more variable. In fact, opposite Bz pulses of up
to ~ 10s are more frequent in jet intervals than in non-jet intervals. Therefore, as
jets approach the magnetopause, they statistically introduce variations to the mag-
netic field conditions, which may be favorable for locally triggering magnetopause
reconnection during northward IMF and suppressing it during southward IMF.

It is not clear what type of variations in the magnetic shear angle are enough to
have an effect on magnetopause reconnection. However, we used the observations
reported by Nykyri et al. (2019) as a benchmark. They observed strong southward
pulses within jets, of which one was 4s in duration and had By = —24nT. Such
pulses are observed in around 12 % of jets during northward IMF, being two times
more common than in the non-jet magnetosheath intervals.
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Figure 23. The durations of the longest (a,c) southward B periods during northward IMF and
(b,d) northward Bz periods during southward IMF within jet (blue) and non-jet (red) intervals.
Panels (a,b) show the probability density functions (PDFs) without 0-s-duration intervals and
panels (c,d) show complementary cumulative distribution functions (CCDFs, i.e., the proportions of
intervals longer than a certain duration) containing 0-s durations. 10 s and 30 s are marked with
dashed lines. The figure is from Vuorinen et al. (2021) and licensed under CC BY.
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7 Conclusions and Outlook

In this thesis, we have focused on dynamic pressure enhancements downstream of the
Earth’s bow shock for which the research community has presently widely adopted
the term “magnetosheath jets”. This research topic has gained interest and popularity
in recent years, and our understanding of their occurrence, formation, properties,
and effects has grown substantially. This progress has been largely driven by new
observations, in particular from THEMIS and MMS missions, that have enabled
both larger statistical studies and fortuitous observations of individual events. With
growing maturity of the field, our picture of jets is becoming more intricate and
newly-found complexities also arise.

Following the life of a jet, here we have gradually moved from the bow shock to-
wards the magnetopause. Magnetosheath jets form sporadically due to the dynamics
of the Earth’s bow shock both in the presence and, importantly, in the absence of lo-
calized solar wind variations. Their formation is believed to be inherently related to
the kinetic processes at the shock, namely ion reflection and the foreshock region up-
stream of the shock, which influence the corrugated and non-stationary quasi-parallel
shock. Jets represent a way of transporting solar wind energy and momentum into
the magnetosphere as jets of high dynamic pressure can deform the magnetopause
and launch effects into the magnetosphere and the ionosphere. During their propa-
gation through the magnetosheath, they also perturb the surrounding plasma and can
even accelerate particles due to the bow waves that they drive ahead of them.

We have used THEMIS spacecraft observations to perform several statistical
studies to understand the connection between upstream solar wind conditions and
jet occurrence. Investigating how often, where, and under which conditions jets oc-
cur helps us understand how they may form, how prevalent their effects are expected
to be, and make predictions of their existence in other shock environments. In Paper
I, we studied how the IMF orientation controls where and how often magnetosheath
jets occur. Due to combined effect of the varying IMF orientation and the curvature
of the Earth’s bow shock, the quasi-parallel and quasi-perpendicular shock regions
are not fixed in place, but they change location. We find that jet occurrence indeed
responds to these changes: jet occurrence is the highest downstream of the quasi-
parallel shock region and monotonically decreases towards the quasi-perpendicular
region. Unfortunately, the statistical data set used at the time did not allow for a
more detailed probing of the spatial occurrence of jets near the foreshock boundary,
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where the ion foreshock and the ULF foreshock diverge. This could be investigated
in future simulation studies.

The view of the IMF cone angle being the only parameter controlling jet oc-
currence has been challenged by new statistical studies employing more extensive
data sets (Goncharov et al., 2020; LaMoury et al., 2021; Koller et al., 2022, 2023).
In Paper II, we statistically study how solar wind conditions influence jet occur-
rence by looking separately at the two distinct shock regimes: the quasi-parallel and
quasi-perpendicular shock. The subsets of data from the quasi-parallel and quasi-
perpendicular regimes near the subsolar region were obtained by taking observations
during low IMF cone angles (< 30°; quasi-radial IMF) and high IMF cone angles
(> 60°), respectively. Our results indicate that when the subsolar bow shock region
is quasi-parallel, other solar wind parameters are not important for jet occurrence,
albeit the occurrence seemed to drop for very low M. This indicates that simply
the presence of the foreshock region and the quasi-parallel shock are enough for jet
generation. We note that, while quasi-radial IMF is the most favorable condition for
observing jets in the subsolar magnetosheath, such conditions constitute only 10 %
of IMF conditions in our extensive data set (by Koller et al., 2021, 2022), which in-
cludes almost 11,000 hours of data from the subsolar magnetosheath (and of which
3,400 hours is estimated to be from the region near the bow shock) from 2008-2020,
spanning over a solar cycle. 30 % of all jets are observed during quasi-radial IMF
conditions, while 50 % of all jets are observed during oblique IMF with cone an-
gles a € [30°,60°). Due to the nominal Parker spiral configuration of the IMF,
the quasi-parallel area of the Earth’s bow shock is typically located on the dawnside.
Therefore, the effects of magnetosheath jets can be expected to be most influential on
the dawnside magnetosphere, and this oblique regime should be a subject of further
study.

It has thus far been unclear whether jets in the quasi-perpendicular magnetosheath
can form at the shock or whether they are only due to local magnetosheath processes
(e.g., mirror-mode waves) or jets formed at the quasi-parallel shock and travelled
to the quasi-perpendicular magnetosheath (Raptis et al., 2020). According to our
results, low IMF magnitude, high My, and high § favor jet formation in the quasi-
perpendicular regime. We study two bow shock crossings, where jets are observed
in the transition region of the shock, but not deeper in the magnetosheath. One of
these jets reveals a non-gyrotropic gyrating ion population, which can periodically
increase the earthward dynamic pressure. These observations suggest that these jets
are most likely not propagating structures but rather temporal variations. This leads
us to call them jet-like structures, albeit the definition of jets only based on a dynamic
pressure threshold in itself is not exclusionary.

This question of what is a jet has become increasingly more relevant the more
we study them. The simple definition based on a dynamic pressure threshold can be
viewed as arbitrary as many different transients can fulfill the criteria. An appropriate
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sub-categorization of different types of structures that are identified as jets would
be beneficial, and as a long-term goal, it would be important to assess the relative
prevalence of jets formed by different mechanisms and correspondingly assess their
contribution to the solar wind—magnetosphere interaction.

Ever since jets were first studied, their relevance for the Sun-Earth interaction
and their solar cycle dependence have been important open questions. As the so-
lar wind conditions vary across the solar cycle, the occurrence of jets is expected to
vary, as well. Koller et al. (2022) have also shown that jet occurrence changes during
large-scale solar wind structures. However, the results of Paper III indicate that jet
occurrence does not have a strong solar cycle dependence on a yearly level. Tempo-
ral variations in jet occurrence effectively even out when averaging over a year. This
is because there is no strong long-term variability in the most important parameter
controlling jet occurrence — the IMF cone angle. However, there may be a 10-20 %
decrease in jet occurrence rates during the solar maximum. This could be attributed
to the high IMF cone angle, low-Mp conditions present in coronal mass ejections
(Koller et al., 2023). We also see indications of the jet occurrence rate quickly re-
covering during the declining phase of the solar cycle, which we attribute to the
increased occurrence of SIRs. We know that during solar maximum, the solar wind—
magnetosphere coupling is clearly dominated by solar wind structures. Therefore,
the relative importance of magnetosheath jets and other dayside transient phenom-
ena is most likely higher during quiet activity times.

As jets propagate in the magnetosheath, they influence the surrounding magne-
tosheath plasma. In particular, the fastest jets can be supermagnetosonic with respect
to their surroundings and consequently drive bow shocks in front of them. Moti-
vated by previous observations of both ion and electron energization, in Paper IV
we studied electron acceleration by these bow waves. We applied a simple test-
particle Monte Carlo model, where the bow wave was modelled as an MHD shock.
In our simulations, the particles were accelerated due to a combined effect of shock
drift acceleration and a collapsing trap forming between the bow wave and a second,
standing, magnetic mirror, e.g., the magnetopause. Perhaps SLAMSs and other types
of transient structures in the magnetosheath with substantial magnetic field enhance-
ments could also act as the secondary mirror and form such a collapsing trap down-
stream of the quasi-parallel shock. We found a relatively good match with observa-
tions, which indicates that in the temporal and spatial scales relevant for jets in the
Earth’s magnetosheath such a mechanism could qualitatively explain the observed
increases in electron energy fluxes. In the future, this phenomenon should be further
studied in simulations, where the bow wave structure is more realistic, e.g., follow-
ing test-particles in a hybrid-PIC plasma simulation. Although the energization is
modest, jets provide additional acceleration of particles in the Earth’s bow shock
environment. As with other jet-related effects on the bow shock—magnetosphere sys-
tem, the total contribution of jets is ultimately a sum of many jets. Previous studies
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(e.g., Liu et al., 2017) have shown that upstream foreshock transients can also accel-
erate particles, and thus additional acceleration happens at transient structures both
upstream and downstream of the Earth’s bow shock.

Eventually, most jets dissipate during their propagation towards the Earth, but
some of them survive all the way and collide into the boundary of the magnetosphere.
With their high dynamic pressure, they can indent the magnetopause — individual
jets simultaneously at multiple points at the magnetopause. These perturbations can
be transmitted into the magnetosphere in multiple different ways, e.g., by launch-
ing waves, by exciting field-aligned currents, or by triggering reconnection. Direct
evidence of a jet influencing magnetosheath reconnection was reported by Hietala
et al. (2018). In this event, the plasma and magnetic field conditions were favorable
for a reconnection onset, but the current sheet was unusually thick. The high dy-
namic pressure of a jet allowed for compression of the current sheet, which was then
observed reconnecting. Additionally, Nykyri et al. (2019) related strong southward
Bz (in GSM coordinates, see Section 5.2) pulses within magnetosheath jets during
positive IMF Bz conditions to a later observed substorm onset via a timing analysis.
They proposed that these jets triggered magnetopause reconnection and acted as the
final trigger for the substorm onset.

It is reasonable to believe that jets may locally modulate magnetopause reconnec-
tion both via the inherent ability to compress the magnetopause and by changing the
local plasma and magnetic field conditions. In Paper V, we studied Bz within mag-
netosheath jets close to the magnetopause and found that the magnetic field within
jets is more variable than typically in the magnetosheath. Thus jets can introduce Bz
variations of opposite polarity to the prevailing IMF at the magnetopause. An impor-
tant take-away from this paper is that the non-jet magnetosheath itself also exhibits
more fluctuations whenever downstream of the quasi-parallel shock. Therefore, the
effects of foreshock-related fluctuations and transient structures, more generally, on
magnetopause reconnection should be investigated. Jets are one manifestation of this
variability with the definitional property of enhanced dynamic pressure.

Recently, LaMoury (2023) have built upon our results by studying the additional
effect of the plasma (5 in the AS-shear condition for diamagnetic suppression of re-
connection. They found that the high 3 observed in jets makes jets more likely to
suppress reconnection. Therefore, based on these statistical results, the most substan-
tial effect would be expected to be local suppression of magnetopause reconnection
during southward IMF. Interestingly, they also presented a case study where they
found evidence of jets both suppressing and triggering reconnection, and also not
changing its state. Notably, the AS-shear condition was found to be unreliable for
predicting the state of reconnection in this complex interval containing multiple jets.

It is not clear what type of variations are able to locally alter the state of recon-
nection at the magnetopause, i.e., how strong and long-lasting the variations should
be. While more direct observations of jets influencing reconnection are needed, it is

60



Conclusions and Outlook

difficult to disentangle the relative importance of different parameters and physical
effects at play from the inherently limited spacecraft observations. Therefore, jets
influencing reconnection should also be investigated in simulation studies. On the
other hand, statistical studies relating jet observations and possible indirect/remote
signatures of magnetopause reconnection will help us understand whether jets do in
fact statistically influence reconnection, and how, and whether this affects the global
reconnection rate. Remote observations of interest could include FTEs, auroral imag-
ing, and the polar cap potential measurements. Kullen et al. (2019) reported that the
occurrence rate of isolated FTEs is enhanced under low IMF cone angle conditions
and proposed that their generation could be linked to jet-related reconnection events.
Similarly, the possible connection between throat aurora signatures (e.g., Han et al.,
2016, 2017, 2018) and jet-related reconnection should be investigated.

Statistically speaking, reconnection at the duskward (quasi-perpendicular) sec-
tor of the dayside magnetopause is modulated by magnetosheath mirror-mode waves
(Laitinen et al., 2010; Hoilijoki et al., 2017) and the presence of the plasmaspheric
plume (a cold dense plasma population) on the magnetospheric side (Walsh et al.,
2013, 2014), while on the dawnward (quasi-parallel) side it is modulated by foreshock-
related effects, including magnetosheath jets. These effects may result in global-scale
differences in the nature of magnetopause reconnection.

In the statistical studies of this thesis, we have employed OMNI solar wind data
to infer conditions upstream solar wind conditions at the Earth. Due to its almost
continuous coverage, OMNI data enables large statistical studies. However, the prop-
agation of OMNI data from L1 to the Earth contains uncertainty and the inferred
conditions may sometimes largely deviate from the true conditions at the Earth’s
bow shock. This is especially important to consider when studying individual events.
However, as the number of suitable observations with a local upstream monitor grow,
statistical studies of jets should also be conducted using that data in order to rule out
any systematic errors in OMNI data. Reliable solar wind measurements ahead of
Earth are crucial not only for the study of magnetosheath jets and magnetospheric
research in general, but they are of utmost importance also for space weather moni-
toring and forecasting. Novel methods to improve the propagation of the solar wind
from the L1 to the Earth are being developed (Burkholder et al., 2020; O’Brien et al.,
2023). New L1 spacecraft missions, such as the Interstellar Mapping and Accelera-
tion Probe (IMAP; McComas et al., 2018), will be important additions to the aging
set of L1 monitors and improve the estimations by providing additional points of
measurements.

In this thesis, we have studied multiple features of magnetosheath jets from their
occurrence in relation to the upstream solar wind conditions to their potential effects
both during their propagation in the magnetosheath and upon impacting the magne-
topause. As part of the work of the growing research community investigating this
topic, our results help establish jets as an inherent part of solar wind—magnetosphere
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interaction, which perturb the surrounding magnetosheath and the magnetosphere in
various ways. Jets of different sizes are expected to continuously impact the Earth’s
magnetopause downstream of the quasi-parallel shock, and ultimately their total con-
tribution is related to their prevalence. Understanding the importance of different jet
formation mechanisms, quantifying the effects and significance of jets, and deter-
mining jets as a possibly inherent property of other collisionless shock environments
remain subjects of many future studies.
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