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Publications

This thesis consists of an introductory part and four articles. The intro-
duction contains background for the studies and the main results reached
in the articles. The original abstracts of the articles are given below. The
contribution of the author of this dissertation to the articles is summarised
at the end.

Paper 1

Hietala, H., Agueda, N., Andréeova, K., Vainio, R., Nylund, S., Kilpua,
E. K. J., and Koskinen, H. E. J., “In situ observations of particle accel-

eration in shock-shock interaction”, Journal of Geophysical Research, 116,
A10105, 2011.

Abstract: We use detailed multispacecraft observations to study the
interaction of an interplanetary (IP) shock with the bow shock of the Earth
on August 9-10, 1998. We can distinguish four different phases of parti-
cle acceleration in the shock-shock interaction: (1) formation of magnetic
contact with IP shock and the seed population of energetic particles ac-
celerated by it, (2) reacceleration of this population by the bow shock, (3)
first order Fermi acceleration as the two shocks approach each other, and
(4) particle acceleration and release as the shocks collide. Such a detailed
analysis was made possible by the particularly advantageous quasi-radial
interplanetary magnetic field configuration. To our knowledge this is the
first time the last phase of acceleration at a shock-shock collision has been
reported using in situ space plasma observations.

Paper 11

Hietala, H., Sandroos, A., and Vainio, R., “Particle Acceleration in Shock—
Shock Interaction: Model to Data Comparison”, The Astrophysical Journal
Letters, 751, L14, 2012.
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Abstract:

Shock—-shock interaction is a well-established particle acceleration mech-
anism in astrophysical and space plasmas, but difficult to study observa-
tionally. Recently, the interplanetary shock collision with the bow shock
of the Earth on 1998 August 10 was identified as one of the rare events
where detailed in situ observations of the different acceleration phases can
be made. Due to the advantageous spacecraft and magnetic field configu-
rations, in 2011, Hietala et al. were able to distinguish the seed population
and its reacceleration at the bow shock, as well as the Fermi acceleration of
particles trapped between the shocks. They also interpreted their results as
being the first in situ evidence of the release of particles from the trap as the
two shocks collided. In the present study we use a global 2.5D test-particle
simulation to further study particle acceleration in this event.We concen-
trate on the last phases of the shock—shock interaction, when the shocks
approach and pass through each other. The simulation results verify that
the main features of the measurements can be explained by shock—shock
interaction in this magnetic geometry, and are in agreement with the pre-
vious interpretation of particle release. Shock—shock collisions of this type
occur commonly in many astrophysical locations such as stellar coronae,
planetary and cometary bow shocks, and the distant heliosphere.

Paper 111

Hietala, H., Laitinen, T. V., Andréeovd, K., Vainio, R., Vaivads, A., Palm-
roth, M., Pulkkinen, T. I., Koskinen, H. E. J., Lucek, E. A., and Reme,
H., “Supermagnetosonic Jets behind a Collisionless Quasiparallel Shock”,
Physical Review Letters, 103, 45001, 2009.

Abstract: The downstream region of a collisionless quasiparallel shock
is structured containing bulk flows with high kinetic energy density from
a previously unidentified source. We present Cluster multispacecraft mea-
surements of this type of supermagnetosonic jet as well as of a weak sec-
ondary shock front within the sheath, that allow us to propose the fol-
lowing generation mechanism for the jets: The local curvature variations
inherent to quasiparallel shocks can create fast, deflected jets accompanied
by density variations in the downstream region. If the speed of the jet is
super(magneto)sonic in the reference frame of the obstacle, a second shock
front forms in the sheath closer to the obstacle. Our results can be applied
to collisionless quasiparallel shocks in many plasma environments.
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Paper IV

Hietala, H., Partamies, N., Laitinen, T. V., Clausen, L. B. N., Facsko,
G., Vaivads, A., Koskinen, H. E. J., Dandouras, 1., Reme, H., and Lucek,
E. A.,“Supermagnetosonic subsolar magnetosheath jets and their effects:

from the solar wind to the ionospheric convection”, Annales Geophysicae,
30, 33-48, 2012.

Abstract: It has recently been proposed that ripples inherent to the
bow shock during radial interplanetary magnetic field (IMF) may produce
local high speed flows in the magnetosheath. These jets can have a dynamic
pressure much larger than the dynamic pressure of the solar wind. On 17
March 2007, several jets of this type were observed by the Cluster space-
craft. We study in detail these jets and their effects on the magnetopause,
the magnetosphere, and the ionospheric convection. We find that (1) the
jets could have a scale size of up to a few R but less than ~ 6 Ry trans-
verse to the Xgsg axis; (2) the jets caused significant local magnetopause
perturbations due to their high dynamic pressure; (3) during the period
when the jets were observed, irregular pulsations at the geostationary or-
bit and localised flow enhancements in the ionosphere were detected. We
suggest that these inner magnetospheric phenomena were caused by the
magnetosheath jets.

Author’s contribution

The topics of all papers were decided with the co-authors. In the
author was responsible for the data-analysis, constructed the semi-empirical
models for the interpretation, and wrote the manuscript. In
the author participated in the application of the numerical model to the
observed event, carried out the comparison of simulated and observed data,
and wrote the manuscript with the help of the co-authors. In
the author led the interpretation of the data and the conceptualisation of
the proposed mechanism, performed the main parts of the data analysis,
and wrote the manuscript. In the author carried out the main
parts of the data analysis and interpretation, and wrote the manuscript
with the assistance of the co-authors.
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Chapter 1

Introduction

We live our everyday lives surrounded by neutral fluids, such as air and
water, flowing at subsonic speeds. Outside the protection of the atmosphere
and magnetic field of our planet, however, most of the matter in the universe
is in ionised state—plasma—and often moving at supersonic speeds. For
the study of the complex phenomena in that medium, the near-Earth space
is the best laboratory we have.

The study of our natural plasma environment that can be probed with in
sttu measurements is called space physics. The physical and phenomenolog-
ical state of that environment is described by space weather
[e.g., Watermann et all, 2009]. The emphasis is often put on the threaten-
ing aspects of space weather due to their socio-economical relevance. Indeed
the time-varying electromagnetic and particle conditions can hamper the
operation of technological systems in space or on ground, such as com-
munication satellites and the Global Positioning System (GPS). Changes
in space weather can also be dangerous for human health, e.g, for astro-
nauts working outside the space station. One of the objectives of space
physics is to understand the processes in the near-Earth space well enough
to forecast space weather, so that it would be possible to prepare for strong
disturbances—space storms.

On the other hand plasma physics is basic research towards understand-
ing of the fundamental physical processes in our environment. The inherent
nonlinearity of plasma physics makes analytical studies difficult. The cou-
pled spatial, temporal and energy scales pose challenges also for numerical
approach, and the current computing power is sufficient only in relatively
simple cases. There are and have been several scientific spacecraft to gather
plenty of observational data, but not enough to form a network with a good
coverage of the whole near-Earth space. Often a fruitful approach to space
physics research questions is to combine theoretical knowledge, analysis of
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observational data, and numerical experiments to reach better understand-
ing of the complex phenomena.

One of the core research topics of space physics is the continuous stream
of charged particles flowing out from the Sun—the solar wind. The solar
wind carries with itself the magnetic field of the Sun so that it permeates the
heliosphere as an interplanetary magnetic field (IMF). The solar wind with
its magnetic field is the driver of the dynamics of Earth’s magnetosphere,
i.e., the region dominated by the magnetic field of our planet.

Just like in liquids and gases, there are shock waves in plasmas. For
example when the solar wind hits the magnetosphere of the Earth, a bow
shock is formed. Interplanetary shocks propagate in the solar wind, of-
ten driven by coronal mass ejections (CMEs)—massive eruptions of Sun’s
plasma and magnetic field. Despite being ubiquitous, shock waves in space
plasmas are a poorly understood physical phenomenon. They are nonlinear,
irreversible, and cause significant changes in the properties of the medium
they propagate in. Furthermore, plasma shocks accelerate charged parti-
cles to very high energies. The energetic particles produced by the Solar
System space plasma shocks pose a particular threat to both astronauts
and spacecraft electronics.

The scientific objective of this thesis is to combine multi-point observa-
tions, modelling, and numerical simulations to address certain open ques-
tions related to shock physics. Specifically,

e we perform a detailed analysis of one of the rare shock—shock inter-
action events suitable for an in situ study;

e we consider the formation of fast flows donstream of the Earth’s bow
shock whose source has remained unexplained.

These two studies, while aiming for better physical understanding of space
plasma shocks, have connections to astrophysics and laboratory plasma
physics as well. They are also part of the research on transient phenomena
in solar wind—magnetosphere interaction that constitute space weather.

The thesis is organised as follows. The theoretical background and the
employed methods are described in Chapter 21 Chapter [l introduces the
observational studies related to the themes of this thesis—the dynamic ge-
ometry of shocks and the related phenomena in their vicinity. Chapter [
presents the results of the four articles with further analysis and discus-
sion. The first two articles address particle acceleration in shock—shock
interaction. The third proposes a mechanism for high speed jets observed
downstream of supercritical shocks, and the fourth analyses such jets in the
magnetosheath as well as their effects on the magnetosphere. Conclusions
and outlook are given in Chapter Bl



Chapter 2

Theory and Methodology

This chapter briefly presents the theoretical foundations of plasma shock
physics as well as the main methods used in Chapters [3] and [41

2.1 Plasma

Plasma is quasi-neutral gas containing enough free charges to make collec-
tive electromagnetic interactions significant for its behaviour. Furthermore,
the space plasmas considered in this thesis are called collisionless, meaning
that they are so hot and dilute that the collisional mean free paths are large
compared to the spatial scale of the system under consideration. Hence bi-
nary collisions between particles are rendered unimportant compared to the
collective electromagnetic interactions. To a degree, one can thus envision
the electromagnetic fields binding the plasma elements together and giv-
ing it properties similar to ordinary fluids. On the other hand, it is these
collective phenomena that pose challenges to the theoretical description of
plasmas.

There are several levels of theory for plasmas depending on the phys-
ical problem of interest. Three primary levels (illustrated in Figure [2.1))
are the following [e.g., |(Choudhuri, [1998; [Koskinen, 2011]: The motion of
a single plasma particle can be treated using classical electrodynamics and
Maxwell’s equations. Kinetic description of the time-evolution of collision-
less plasma using distribution functions is called the Vlasov theory. The
continuum descriptions of plasma as one or more fluids are numerous. The
limit of simplification, i.e., the treatment of plasma as a single fluid with
infinite conductivity is referred to as ideal magnetohydrodynamics (MHD).
The main topic of this thesis, shock waves, is an example where the dif-
ferent scales are tightly coupled to each other. Hence the study of their
physics requires maneuvering between different levels of description.

3
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Figure 2.1: Left: the motion of a charged particle (magenta) along a mag-
netic field line (black). Centre: an example of a plasma distribution func-
tion in velocity space. Right: Plasma falling down to solar surface after a
CME as captured by NASA’s Solar Dynamics Observatory.

2.2 Shocks

When a finite-size obstacle moves in a fluid medium the fluid needs infor-
mation of the incoming object to be able to flow around it. In neutral fluids
this information is mediated by sound waves. The sound speed Vg of a fluid
is given by \/vkpT /m, where 7 is the polytropic index, kg the Boltzmann
constant, T" the temperature and m the mean mass of the fluid particles.
The relevant dimensionless quantity to characterise the flow is the ratio of
the velocity of the flow to the sound speed: the (sonic) Mach number Msg.

If the object moves at a supersonic speed, i.e., faster than the informa-
tion can be transferred in the medium, the fluid has no knowledge of the
incoming object. Nature’s solution to this problem is the formation of a
shock wave—a discontinuity ahead of the object where part of the kinetic
energy of the incoming flow is transformed into heat. Thus in the region
between the obstacle and the shock wave the velocity of the medium rela-
tive to the object drops below the local sound speed and the fluid can flow
around the obstacle.

In a plasma, there are numerous wave modes that can carry the informa-
tion. Considering plasma in the MHD picture, the possibilities are limited
to three wave modes and three characteristic speeds [e.g., Koskinen, mﬂ]
In addition to the sound speed, there is the Alfvén speed Vy = +/B?/10pm.,
where B is the magnitude of the ambient magnetic field, p,, the mass den-
sity of the plasma and p the permeability of vacuum. The (compressional)
fast and slow MHD waves have phase velocities that are combinations of
these two:

1 1
V= LBV F 5[V + VR - aV@VEeosts,  (21)
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where the indices s and f correspond to the solutions with the minus and
plus signs, and @ is the angle between the ambient magnetic field B and
the wave vector k. The shear (intermediate) Alfvén waves propagate at the
phase velocity of Va cos@. The third and the highest characteristic speed,

called the magnetosonic speed Vg = \/VS2 + VAQ, is the velocity of the fast

wave propagating perpendicular to the magnetic field (6 = 7/2).

The relevant Mach number for the shock formation is the ratio between
the component of plasma velocity parallel to the shock wave vector (shock
normal) evaluated in the reference frame moving with the shock and the
phase velocity of the wave mode in the plasma frame. The fast-wave Mach
number calculated in this manner was considered, e.g., in[Paper TV] Often
in practice, however, one simply considers the Alfvén Mach number and the
magnetosonic Mach number.

Heating of the downstream fluid requires dissipation inside the shock
front. In neutral fluids this is achieved via collisions and consequently the
thickness of the shock front is of the order of the collisional mean free
path. In collisionless plasmas the process must be different, as the ob-
served space plasma shocks are much thinner than the mean free paths,
but what are the mechanisms at play? When faced with this problem
the picture of electromagnetic fields bringing about fluid-like properties is
again instructive. More precisely, the self-consistent back-reaction between
the particles and the fields is essential. As conventional resistivity is in-
adequate in highly conductive space plasmas, anomalous resistivity due to
wave—particle interactions is often invoked to account for the dissipation.
The reflection of a part of the incoming ion population also plays an im-
portant role at higher Mach numbers. For a more detailed presentation
on the various heating mechanisms the reader is referred to [Kennel et al.
[1985] and [Krauss-Varban [2010]. Although the ‘shock problem’ was stated
decades ago, the details of the nonlinear processes involved are still not well
understood.

Collisionless shocks are indeed very difficult to describe from the first
principles, but fortunately there are plenty of observational data as shocks
are ubiquitous in space. As the solar wind is supermagnetosonic, mag-
netised planets as well as planets with an atmosphere have a bow shock
in front of them (Figure [2.2(a)). Naturally, the most detailed and exten-
sive data on collisionless shocks are from the bow shock of the Earth. Its
geometry and observed features will be described in detail in Section Bl

The interplanetary (IP) shocks encountered in the solar wind have two
types of origin. CMEs travelling in the interplanetary space—interplanetary
coronal mass ejections (ICMEs)—that are fast enough can drive a bow
shock ahead of them (Figure . These are the most common IP
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(a) Bow shock of the Earth. The different regions in-
dicated by the letters A-F are described in detail in

Section [3.1]

Shock wave

Energetic
particles

Magnetic
field lines

(b) CME-driven shock.

%ast solar wind
Q,

solar
wind

/ / CIR

reverse shock
/‘I'o / /
] /

slow forward shock
Vs

(c) CIR-related shock pair.

Figure 2.2: Examples of space plasma shocks.
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shocks at 1 AU, especially during the solar maximum |Oh et all, 2007].
The second type are formed due to the inhomogeneity of the solar wind
outflow: As the Sun rotates, compression regions are produced where the
fast solar wind flowing out from equator-ward extensions of the polar coro-
nal holes catches up with the slow wind emitted earlier from the equa-
torial streamer belt. Inside Earth orbit, these stream interaction regions
(SIRs) are bounded by forward and reverse waves propagating along and
against the solar wind flow, respectively. At large heliospheric distances
SIRs strengthen and the two waves steepen into a pair of forward and
reverse shocks separated by a co-rotating interaction region (CIR), as illus-
trated in Figure The steepening into shocks can take place already
between Venus at 0.72 AU and the Earth [Russell et all,2009], but typically
beyond 1 AU [Hundhausen and Gosling, [1976].

Close to the Sun, coronal shocks can be driven by solar flares in addition
to CMEs. At the outer edge of the heliosphere, the super(magneto)sonic
solar wind must slow down to interface with the magnetised interstellar
plasma. Voyager I and II spacecraft crossed the heliospheric termination
shock in 2004 and 2007 |Fisk, 2005; Jokipii, 2008] and stirred the space
physics community with new, puzzling observations. There may also exist
an additional bow shock if the heliosphere moves at a super(magneto)sonic
speed with respect to the interstellar medium. Astrophysical shocks such
as supernova shocks, though fascinating, are beyond the scope of this work.

The nature of the shock transition in a space plasma depends strongly
on the shock obliquity, that is, on the angle fp, between the upstream
magnetic field and the nominal shock normal [Stone and Tsurutani, [1985].
The rudimentary explanation for this difference is illustrated in Figure 23]
When 0p, is large, i.e., the shock is quasi-perpendicular, particles reflected

Bl
Ve Bl
o ﬁ
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Figure 2.3: Motion of a charged particle (magenta) near a shock front (red).
The reflected particles gyrate back into a quasi-perpendicular shock (left),
while they escape from a quasi-parallel shock (right).
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from the shock will gyrate back into it. In contrast when the shock is quasi-
parallel, the reflected particles can escape upstream and interact with the
incident plasma over long distances.

In the next two subsections, we will briefly present the description of
shocks as discontinuities ([2.2.1]), and how they accelerate particles depend-
ing on their obliquity (22.2)). Yet the real shocks observed in space, be
they planetary or interplanetary, are not infinitely large, planar structures
with smooth upstream conditions. The spatial and temporal changes in
the shock geometry, as well as the diversity of phenomena emerging from
these changes in the shock surroundings, are the theme of this thesis and
shall be discussed in more detail in the following Chapters.

2.2.1 MHD description

The description of shock waves within the framework of MHD can be
found in most plasma physics textbooks [e.g., Boyd and Sanderson, [2003;
Koskinen, [2011]. This subsection highlights the steps relevant for the dis-
cussion in the rest of this thesis.

Let us consider a planar discontinuity in the fluid properties that has
an infinitesimal thickness and a normal vector n. Working in the frame
of reference moving with the discontinuity, let us further assume time sta-
tionarity (0; = 0) and that the only variations are along the disconti-
nuity normal. With these assumptions the problem becomes essentially
one-dimensional and the ideal MHD equations (the conservation of mass,
momentum, and energy together with the divergence-free condition for
the magnetic field) can be integrated to get jump conditions of the form
0={F(0")—F0O )} n=Fy-n—F; -n=[F n]. Here 1 and 2 stand
for values of the quantity F upstream and downstream of the discontinuity.
The induction equation can be manipulated into a similar form to complete
the set of equations. The result is known as the MHD Rankine-Hugoniot
relations:

[van] =0 (2'2)
B2
mVZ+P+ 2] = 0 2.3
[p 2MO] (2.3)
BB,
[om ViV — ;0 ] = 0 (2.4)
1 P B2 V. B
pmV Vot~ Vot~V =~ B] = 0 (2.5)
2 vy—1 o o
B, = 0 (2.6)

[VtBn - BtVn] -
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Here the indices n and t refer to the vector components normal and tangen-
tial to the discontinuity, and V is the velocity and P the thermal pressure
of the plasma.

In order to be a shock wave, the discontinuity has to be both com-
pressive and have a finite mass flux across it. The special cases of exactly
perpendicular and parallel shocks will not be considered here, as the great
majority of real shocks are oblique. Let us first consider the most con-
venient frame for the analysis, as there exist an infinite number of rest
frames for a planar shock. For oblique shocks the relevant one is called
the de Hoffmann-Teller (dHT) frame. This frame moves along the shock
surface at a speed such that the upstream magnetic field is aligned with the
upstream plasma flow, and consequently the upstream convective electric
field vanishes. This also holds on the downstream side, and thus energy is
conserved in the dHT frame. The transformation velocity is given by

n x (Vl X Bl)
v, = 2.8
dHT n-B; ) (2.8)
so that the upstream velocity becomes gl B, where b is the unit vector
cos gy,

in the direction of the magnetic field.
In the de Hoffmann—Teller frame, the jump conditions for oblique shocks
can be written as

Pm2
— — r 2.9
Pml ( )
Von 1
—_— = - 2.10
Vi . (2.10)
Voo _ M (2.11)
Vlt Mil -T
BQn
— =1 2.12
B (2.12)
By M3, -1
—_— = r—=— 2.13
Bi M2, -7 (213)
Py (v — 1)7"V12 V22
— = ——(1- == 2.14
Pl r+ QVSl ( ‘/12 )7 ( )

where r is the shock compression ratio, Ma; = Viny/f0Pm1/Bin the up-
stream Alfvén Mach number and Vg; the upstream sound speed.
There are three types of shock solutions to the jump conditions:

fast For fast shocks the upstream velocity along the shocks normal is
super-fast-magnetosonic Vi, > V4, while in the downstream region
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Von < V. The tangential magnetic field increases across the fast
shock Byy > Biy. The vast majority of shocks observed in space
plasmas are of the fast type.

slow Similarly to fast shocks, upstream of slow shocks the flow is super-
slow-magnetosonic Vi, > Vg1, while in the downstream region
Von < V2. The tangential magnetic field decreases across the shock
front Boy < Biy, but retains its sign. Slow shocks are an integral part
of the models for magnetic reconnection.

intermediate The third type of shock solutions exists for 1 < Mil <7,
r > 1, and is called the intermediate wave. The tangential mag-
netic field changes its sign at the discontinuity. These waves are
non-evolutionary, i.e., unstable against disintegrating into more than
one discontinuity. Thus they are in fact unphysical solutions, at least
as freely propagating plasma shocks.

The Rankine-Hugoniot relations (23H2.7) have also other, non-shock
type of discontinuities as their solutions. In[Paper I} we refer to a tangen-
tial discontinuity (TD), where there is no plasma flow across the disconti-
nuity and only the total pressure remains unchanged. The notable feature
of TDs is that the plasma populations on each side are not magnetically
connected to each other. When discussing the studies related to
and we encounter also rotational discontinuities (RDs), where
there is a finite flow across the discontinuity, but no compression. The mag-
netic field magnitude stays constant and the tangential component changes
sign in the non-trivial case.

2.2.2 Mechanisms for particle acceleration

The proton energy distribution in the solar wind consists of a quasi-
Maxwellian thermal core around 1keV plus a time-varying power law tail of
suprathermals and higher energy particles extending many orders of magni-
tude [e.g.,|Giacalone, [2010]. The energetic particles in the 100 keV /nucleon—
100 MeV /nucleon range can be further classified as ‘steady-state’ or quiet
time background and transient enhancements associated with CIR- and
CME-related shocks and solar eruptive events. (Anomalous and galactic
cosmic rays are not discussed here.) The ubiquitous presence of these en-
ergetic populations in the vast heliosphere is understandable as the plasma
is collisionless.

According to the current knowledge, the two main phenomena acceler-
ating the energetic particles are shock waves and magnetic reconnection;
although shock waves are an important part of reconnection models as well,
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as noted in the previous subsection. The basics of shock acceleration are
well described in textbooks and reviews, see, e.g., [Krauss-Varban [2010]
and the references therein. Here we only note the main principles.

Shock Drift Acceleration (SDA) is a family of processes where a part
of the particle distribution gains energy through drifting in the convective
electric field E = —V x B of the shock. At the shock magnetic field jump,
the gradient and curvature drifts displace the particles in opposite direc-
tions with respect to the electric field, the former increasing the particles’
energy and the latter decreasing it. For quasi-perpendicular shocks, the
gradient drift wins for most particles.

Alternatively, for oblique shocks, we can consider SDA by transforming
into the de Hoffmann—Teller frame. Since the electric field in this frame
is zero, the energy as well as the magnetic moment of the particle are
conserved. Depending on its pitch-angle, a particle can reflect from the
shock’s magnetic field increase. Upon subsequent transformation back to
the upstream rest frame one finds that the energy of the reflected particle
has increased.

The energy gains in SDA are very limited, typically less than a factor
of ten. Thus the question is how to make the particles cross the shock
multiple times. The answer probably lies in turbulence.

Fermi [1949] proposed the following mechanism for the generation of
cosmic rays: charged particles propagating in interstellar space will fre-
quently collide with moving, large scale magnetic irregularities (magnetic
mirrors). If there is an equal amount of head-on and tail-on collisions, the
particle distribution simply broadens and a small part of the population
will reach high energies. If the head-on collisions dominate, there is a net
gain in energy. In the special case where a particle gets caught between two
regions of high field moving against each other along a magnetic field line,
fairly large increases in energy will occur, but the particle’s pitch-angle
will also decrease. Due to this decrease the particle will eventually pass
through one of the high magnetic field mirrors. In [Paper 1| and [Paper 11|
we had the opportunity to analyse particle acceleration in an event where
two shocks approached each other in a setup quite similar to this.

A modern version of Fermi’s idea is the Diffusive Shock Acceleration
(DSA), where the role of the magnetic mirrors is taken by scattering centres—
the waves generated by the particles themselves—embedded in the converg-
ing flow through a shock. Apart from making the particle cross the shock
multiple times (and gain energy through SDA during each crossing), the
scattering with the dominant head-on collisions will also contribute to the
acceleration. This type of process easily emerges at quasi-parallel shocks,
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where the reflected particles streaming against the incoming flow can trig-
ger instabilities and wave growth (Figure 2.3)).

2.3 Analysis of spacecraft data

The work described in this thesis is based on in situ measurements made
with instruments onboard several near-Earth spacecraft. The underlying
principle has been to make use of all available observation points and their
measurements in order to form a coherent picture of the event and find an-
swers to the plasma physics research questions. This section briefly presents
the different spacecraft and the typical set of instruments, as well as how
the data were obtained and how the basic shock properties were computed
from the data. The numerous acronyms have been gathered to the separate
section at the beginning of the thesis.

2.3.1 Instruments and data sets

In [Paper I and [Paper TI| the key measurements came from three space-
craft: ACE [Stone et all, [1998], Wind |Acuna et all, [1995], and Geotail
[Nishidad, [1994]. Data from Interball-Tail [05] and IMP-81[06] satellites were
used to support the analysis. The studies described in [Paper ITI and
[Paper TV] were centered around ESA’s Cluster mission |[Escoubet et all,
1997]. Cluster consists of four identical spacecraft moving in a tetrahedron-
like formation with a varying separation. In these studies, ACE and Wind
were employed as solar wind monitors, while Geotail provided informa-
tion of the bow shock location. For the inner-magnetospheric investigation
of [Paper TV| we used magnetometer observations from the GOES satel-
lites [Grubh, 1975]. We also utilised SuperDARN [Greenwald et all, [1995;
Chisham et all, 2007] radar measurements and ground-based magnetome-
ter data from CARISMA and CANMOS chains.

Apart from the geostationary GOES satellites, all spacecraft used in this
thesis are spin-stabilised, i.e., rotating around a given axis. This design is
useful for the analysis of vector fields and anisotropic particle distributions.
The set of instruments and measured quantities varies from spacecraft to
spacecraft. Moreover, the instruments onboard a spacecraft are combined
into packages—experiments—with varying composition. The key measure-
ments for the studies of [Paper THPaper TV]|came from experiments mea-
suring magnetic fields, thermal ions, and energetic particles. Their main
features are presented below. Descriptions of the instruments in auxiliary
roles, such as electron, electric field, and waves instruments, can be found
in the instrument papers cited in the original publications.
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The magnetic field data were obtained from fluxgate magnetometers
measuring fluctuations at frequencies up to ~ 10Hz. The typical spin-
stabilised spacecraft setup consists of two triaxial sensors mounted on one
(or two) booms allowing to monitor also the magnetic effects due to the
spacecraft itself. The challenge of this setup is the determination of the
offset in the field component parallel to the spacecraft spin axis. The cal-
ibration is done using inflight data with a procedure depending on the
plasma regions the spacecraft encounters. On some spacecraft the flux-
gate magnetometers are accompanied by search coil magnetometers (up to
~ 1kHz) for measuring fast changes in the field. The details of the Geotail
MGF experiment, the fluxgate magnetometers of which have essentially the
same design as the magnetic field instruments of Wind and ACE, can be
found in [Kokubun et al! [1994]. The somewhat newer FGM on Cluster is
described in [Balogh et al! [2001].

Particle instruments collect the plasma particles for one or more spin
periods of the rotating spacecraft in order to measure their fluxes. The
distribution function of the thermal particles (around 1keV for solar wind
protons in the spacecraft frame) gives the bulk plasma moments such as
the density, velocity, and temperature. The suprathermal population and
the energetic tail distribution (around 10keV and >100keV for protons)
provide information of the acceleration processes. There is large variety in
the design of these instruments; a comprehensive discussion on the different
elements and configurations can be found in|Gloeckler [2010]. In this thesis,
the bulk plasma properties were provided by electrostatic analyser based
instruments (SWEPAM on ACE |[McComas et all, 1998]; CIS on Cluster
[Réme et all,2001]) and Faraday cup sensors (SWE on Wind [Ogilvie et all,
1995]; VDP on Interball [Safrankova et al), [1997]). The energetic particle
data were obtained from solid state detector telescopes (SST, part of the
multi-sensor 3DP experiment on Wind |Lin et all, [1995]; LEMS sensors
of the EPAM experiment on ACE [Gold et all, [1998]; ICS of the EPIC
experiment on Geotail [Williams et all, 1994]; DOK-2 on Interball [05]).

The main body of data used in this thesis was obtained through NASA’s
GSFC/SPDF Coordinated Data Analysis Web (CDAWeb) interface at
NSSDC[03]. Access to Cluster data was provided by ESA’s Cluster Active
Archive [02]. Geotail high resolution magnetic field data were obtained

(3 1

through DARTS at Institute of Space and Astronautical Science, JAXA
in Japan |[04]. CARISMA and CANMOS data were downloaded from the

Canadian Sl;ace Science Data Portal [[01]. ACE, Wind, and Geotail ener-

getic particle measurements as well as the SuperDARN data were obtained
directly from the co-authors working in the instrument teams.
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2.3.2 Analysis methods

After the data acquisition the next task is to calculate the main shock
characteristics—the normal vector n and the speed Vi, in the normal di-
rection. Apart from being fundamental to the interpretation of the event,
the normal vector and speed estimates for shocks and other discontinuities
can serve as building blocks for semi-empirical models and nu-
merical simulations [Paper II]. As there are several methods with their
own caveats, it is worthwhile to compute estimates using different methods
and compare the results whenever possible. In this subsection we briefly
describe the main methods employed in the thesis, first for the normal and
then for the speed. A detailed discussion of the different methods and their
implementation can be found, e.g., in |Schwartz [1998], while Russell et al.
[2000] provides an application and comparison of various techniques using
the observations of an IP shock on September 24, 1998.

Magnetic co-planarity is based on the notion that, according to the
Rankine-Hugoniot conditions presented in Section 2Z.2.1] the upstream and
downstream magnetic field vectors By and By lie in the same plane with
the shock normal. Using this knowledge the normal vector can easily be
computed as

(BQ X Bl) X (B2 — Bl)
(B2 x By) x (B2 — By)|

(2.15)

Clearly the method fails for exactly parallel and perpendicular shocks. On
the other hand, magnetic field data are generally available and they are
measured at a greater cadence and accuracy than the plasma data, making
the method preferable to the velocity co-planarity and mixed mode normals
[Schwart, 1998; Russell et al., 2000].

In theory, the upstream and downstream values should be measured
quasi-simultaneously as a particular plasma parcel crosses the shock from
one side to the other. Typically this is not possible, and all single spacecraft
methods such as magnetic co-planarity assume time stationarity of the
shock front. The estimates are usually quite sensitive to the choice of
upstream and downstream (average) values. Thus it is recommendable to
compare different averaging intervals. The shock transition region itself
should be carefully excluded. However, the values should be taken quite
close to the shock to mimic simultaneous sampling and to avoid inclusion
of other plasma structures.

Minimum Variance Analysis (MVA) [e.g.,Sonnerup and Scheibles, 199§]
identifies the direction along which the set of (magnetic) field measurements
has minimum variance. If a unique direction with a clear minimum eigen-
value is found, it corresponds to the normal direction in the case of shocks
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with Bg, = Bi,. The method fails for pure MHD shock solutions for which
the minimum variance direction is degenerate. The ratio of the interme-
diate eigenvalue and the minimum eigenvalue gives an indication of the
quality of the normal estimate: the ratio should be large, preferably larger
than 10. Another quality test is the sensitivity of the MVA estimate with
respect to the choice of analysis interval, as was pointed out with the mag-
netic co-planarity estimates. Note that, as opposed to the data interval for
magnetic co-planarity, the MVA interval must contain the transition layer.

The four-spacecraft method [e.g., Russell et all, 1983] can be employed
when the same shock front or other discontinuity is observed by several
spacecraft like the Cluster quartet. The relative positions of the spacecraft
and timing can be used to construct a set of equations of the form

w = (t — ta). (2.16)

Va
Here r,, and t, are the location and the time of the observation at spacecraft
a, a = 2...4, and spacecraft 1 has been taken as reference. Vi’ is the shock
speed in the spacecraft frame. Assuming that the discontinuity is a plane
moving uniformly across the spacecraft, Equation set (2.10) can be solved
for n/V3c.

The merit of the four-spacecraft method is that only data for the space-
craft location and for the identification of the discontinuity, such as mag-
netic field measurements, are needed. However, the consistent identification
of the crossing times can be difficult. Moreover, the method gives good re-
sults only when the spacecraft are non-co-planar, i.e., when the spacecraft
form a good tetrahedron. This is a drawback for near-Earth interplanetary
studies as most of the currently active spacecraft lie close to the ecliptic
plane.

The second important shock characteristic is the shock speed V. If a
suitable multi-spacecraft configuration is available, then the four-spacecraft
method can be used as it gives the shock velocity along with the normal
vector. Single-spacecraft shock normal estimates calculated with, e.g., the
magnetic co-planarity or MVA can be combined with the Mass Flux Algo-
rithm to obtain the shock speed, provided that accurate plasma observa-
tions exist.

The Mass Flux Algorithm is based on Equation (2.3]) which gives the
conservation of mass across the shock front in the frame of reference mov-
ing with shock. When rewritten in terms of velocities measured in the
spacecraft frame, it can be solved for V3’ giving

Ve Ve .

Pm2 — Pml
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All methods described above assume that the shock front is planar
and essentially one-dimensional. The validity of this assumption depends
significantly on the type of the shock and the scale under consideration,
as will be shown in Section B.1] where observations of shock geometry are
discussed in detail.

2.4 Numerical simulations

Numerical modelling is an indispensable tool for increasing our understand-
ing of plasma shock physics. Simulations are also frequently vital compan-
ions to observations when trying to decipher what is going on at the shock.
Depending on the scientific question and computing power at hand, space
plasma shocks have been studied using such approaches as

MHD The MHD fluid equations are solved numerically, typically in a
conservative form. MHD simulations are used for large scale studies,
such as CME lift-off [Pomoell et all, 2008], CME-CME interactions
[Lugaz et _all, 2008], and the heliospheric termination shock location
[Washimi et al), [2007]. Many phenomena related to, e.g., particles
reflected from quasi-parallel shocks are not resolved in this single
fluid picture.

Hybrid In quasi-neutral hybrid simulations the ions are treated as
(macro-)particles while the electrons form a neutralising fluid. As this
approach allows the simulation of counter-streaming ion populations
in quite large domains, it has recently been heavily exploited to study
the various phenomena around the quasi-parallel bow shock [e.g.,
Lin and Wang, 2005; |Omidi et al), [2005; Blanco-Cano et all, 2009].
The shortcomings of this approach are that the set of equations,
though self-consistent, cannot be formulated in a conservative form,
and that there is a significant amount of noise stemming from the
‘granular’ treatment of ions.

Particle-In-Cell In PIC simulations both ions and electrons are repre-
sented by computational, finite size particles. The fields and forces
generated by these macro-particles are solved on a grid. This type
of models have been used to study the microphysics of shocks, e.g.,
the non-stationarity of the shock front [Lembege et all, 2009], mi-
croinstabilities [Umeda et all, 2012] and radio emission from shocks
[Ganse et al), 2012]. The PIC simulations are computationally very
demanding so usually the size of the simulation box is very small
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and/or the number of spatial dimensions is less than three. In addi-
tion, unrealistic proton-to-electron mass ratios must often be used.

Test-particle In test-particle simulations the particles are propagated in
given background fields with no back-reaction. This approach makes
it possible to analyse for instance the particle acceleration in such
spatially extended systems as coronal shocks [Sandroos and Vainig,
2009]. Monte Carlo methods are often employed to account for the
effects of fluctuating fields [e.g., [Vainio et all, 2000].

Naturally the list above is not exhaustive and there are numerous com-
binations of the methods. For instance the test-particles can be propa-
gated in background fields that have been calculated using a PIC simulation
[Yang et al., 2009].

In we used a test-particle simulation to further investigate
particle acceleration in the IP shock — bow shock interaction event described
in The energetic protons were injected in the energy range 0.1—
3MeV, with characteristics matching the observations, and propagated as
guiding centres in the simulation box that was a quasi-two-dimensional slab
with periodic Z-boundaries. The IP shock was treated as a planar disconti-
nuity similarly to, e.g., Sandroos and Vainia [2006]. Its downstream plasma
properties were calculated analytically using the Rankine-Hugoniot jump
conditions (Equations (ZI0)—(2I4)) in the infinite Mach number limit but
keeping the compression ratio as a free parameter. To be compatible with
the guiding centre approach, the fields near the IP shock were modified
(widened) to increase linearly from the upstream to the downstream value,
as opposed to a sharp step-function. This widening of the front was needed
for the guiding centers within one gyroradius of the front to interact with
it. The bow shock of the Earth was modelled as a paraboloid using the
empirical model by IMerka et all [2005], with the magnetosheath cut out
from the simulation region.

We did not include any scattering in our model, so the test-particles
were accelerated only by the Shock Drift Acceleration. At the IP shock this
was produced by the widening of the shock front decribed above and the
non-inertial effects taken into account in the particle propagation scheme.
We compared the particles’ energy gains AU /Uy produced by the IP shock
scheme (initial energies Uy € [1,10,100,1000] keV, Vg, = 350km/s and
r = 3.25) with the analytical solution of [Webb et all [1983]. We obtained
an excellent agreement with the analytical solution except for the lowest
test energy, which was well below the energy range considered in the study
proper.
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For the acceleration at the bow shock we used a more complex model:
the particles were either reflected or transmitted in the local dHT frame
depending on their pitch-angle, without drifting on the bow shock surface.
The bow shock compression ratio, which influences the reflection via the
downstream magnetic field, was taken to depend on the position along
the bow shock surface, decreasing towards the tail. Transmitted ions were
removed from the simulation.

By using the pre-accelerated, energetic seed population arising from
the observations of [Paper I, we were able to avoid the so-called injection
threshold problem [e.g., Lembege et all, 2004]. In order to reflect from the
shock and escape upstream, a particle needs high enough initial energy,
otherwise it is transmitted to the downstream. Namely, its velocity par-
allel to the magnetic field should exceed the speed of the shock—field line
intersection: Vi, /cosfp,. The velocities of the thermal solar wind parti-
cles are much smaller than the threshold velocities of typical space plasma
shocks, leading to both practical and fundamental problems for many shock
acceleration studies.



Chapter 3

Shock Observations:
Selected Topics

Shock observations and the supporting simulations have been reviewed
many times during the satellite era. A comprehensive review has recently
been written by Treumann [2009]. The results of the early phase of the
Cluster mission have been discussed in the context of previous studies in
Balogh et all [2005], [Bale et all [2005], Burgesset all [2005], and
Eastwood et al) [2005] (see also ISchwartz [2006]). Interesting insight into
the observations on the Earth’s quasi-parallel bow shock is given inWilkinson
[2003].

This chapter draws from these reviews along with additional studies to
provide an introduction to the topics of this thesis. Section Bl gives an
overview of the structure of the shock front at different scales. Section
presents in more detail the foreshock region upstream of the shock that
affects the quasi-parallel shock structure to such a degree that they can-
not be treated separately. Section B.3] addresses the magnetosheath region
between the bow shock and magnetosphere of the Earth. We concentrate
on the status of the field related to the fast magnetosheath jets that were
studied in [Paper TII| and [Paper TV] Last, in Section [3.4], we review the
studies of particle acceleration in shock—shock interaction preceding those
of [Paper 1| and [Paper TI|

A problem related to spacecraft studies of space plasma shocks is that
the vast majority of observations are of the bow shock of the Earth. At this
shock so close to home, we can access a wide range of plasma conditions
with a reasonable effort. However, the effects of its relatively small scale
should be borne in mind when making conclusions about shocks in general,
as illustrated in the following sections.

19
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Figure 3.1: Wind 10.9-Hz resolution magnetic field measurements of (a)
quasi-perpendicular and (b) quasi-parallel interplanetary shock crossings.
The shock obliquity, speed, and fast-wave Mach number are indicated in
the figure.

3.1 Shock structure and geometry

Figure B.1] shows Wind 10.9-Hz resolution magnetic field measurements of
two interplanetary shock crossings: a quasi-perpendicular shock on May
15, 1997, and a quasi-parallel shock on April 7, 1998. The depicted time
interval is the same 1 minute for both crossings.

The crossing of the interplanetary shock with 0p,, ~ 85° (Figure BIi(a))
shows the main ion scale features of the shock structure: the foot, the
ramp, and the (weak) overshoot. Before briefly presenting the quite well-
known ion dynamics responsible for these features, we would like to note
that the electron dynamics and smaller scale features still remain poorly
understood. |Schwartz et al. [2011] were only recently able to resolve the
electron temperature gradient of the quasi-perpendicular bow shock using
Cluster measurements: half of the electron heating coincided with a thin
layer only several electron inertial lengths thick.

The shock ramp is the region of steepest spatial gradients. The steep-
ening is limited and balanced by dispersion and/or dissipation. The na-
ture of the dissipation differs according to the shock Mach number, and
is still under active research as discussed in Section This balance de-
fines the width of the shock front and in particular the ramp. Bale et al.
[2003] used Cluster spacecraft potential measurements—a common high
time-resolution proxy for plasma density—to determine the ramp scale in
98 quasi-perpendicular bow shock crossings. They found that the natural
scale of the transition is the convected ion gyroradius, i.e, the ratio between
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the shock speed in the plasma frame and the downstream ion cyclotron fre-
quency, especially at higher Mach numbers.

Space plasma shocks are often supercritical, i.e., they have a Mach
number so large that in theory, the anomalous resistivity is unable to con-
vert the required amount of energy from bulk flow into thermal energy
[Kennel et all, 1985]. At supercritical quasi-perpendicular shocks, a part
of the incoming ion population is reflected at the ramp due to a combina-
tion of magnetic forces and an electrostatic cross-shock potential. These
reflected ions gyrate around the magnetic field in the immediate upstream
of the shock front (see Figure 2.3]), where they form the foot structure [e.g.,
Livesey et all, 1983]. When they re-encounter the shock they are either
reflected again or have gained sufficient energy from the convective electric
field to pass through the shock layer. In the downstream shocked plasma
these ions then contribute to the overshoot and to a possible undershoot.
For information on the absolute scales of these structures, see Bale et al.
[2005].

Though shock waves are often considered stationary, observations and
simulations have revealed that, on the contrary, a supercritical shock front is
intrinsically non-stationarity (for a historical review, see Bale et _al. [2005]).
In particular, the quasi-periodic self-reformation of supercritical quasi-
perpendicular shocks due to reflected particles has attracted considerable
interest |[Treumann, 2009]. However, this small scale rippling of the shock
front is beyond the scope of this work.

The crossing of the interplanetary shock with 6, ~ 38° (Figure B.Il(b))
illustrates the spatially extended and more turbulent nature of a quasi-
parallel shock transition. At quasi-perpendicular shocks the effects of the
reflected ions were mostly restricted to the shock foot. Under quasi-parallel
geometry ions that are either reflected or escaping from the downstream can
travel upstream (Figure 2.3]) and populate a much larger region. The region
magnetically connected to the shock and filled with backstreaming particles
is called the foreshock. Due to the counter-streaming particle populations
the foreshock is subject to a number of instabilities that can grow into
large amplitude magnetic fluctuations. Accordingly the variability of quasi-
parallel shocks is rather the norm than the exception [Schwartz, 2006].
The bow shock observation-based current view of the quasi-parallel shock
transition will be discussed more in the next section together with the
associated zoo of foreshock phenomena.

Moving on to even larger scales, the curvature of the shock front plays a
major role especially in planetary bow shocks. Figure illustrates the
main features of the bow shock of the Earth (labelled B in the figure). The
magnetopause (A) separating the magnetospheric plasma from the shocked
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solar wind plasma of the magnetosheath is usually located at a distance of
10 Rg in the solar direction. The bow shock is curved at magnetospheric
scales while the structures in the solar wind and interplanetary magnetic
field are typically large compared to the size of the magnetosphere. Hence
the locations of parallel (C) and perpendicular (D) regions of the bow shock
vary depending on the direction of the IMF. In turn, the position of the bow
shock and the magnetopause vary in response to the solar wind dynamic
pressure and Mach number.

The particles that reflect from the quasi-perpendicular side of the bow
shock propagate upstream along the magnetic field lines. At the same
time, the cross-field drift of the solar wind convective electric field acts to
convect the escaping particles back towards the bow shock. How much the
particle is deviated depends on its velocity. This results in a ‘velocity-filter’
effect: the trajectories of particles originating from one location on the bow
shock are dispersed according to their velocity. Consequently, the electron
(E) and ion (F) foreshocks of the bow shock are formed as illustrated in
Figure as a combined effect of particles originating from different
regions along the bow shock.

The curvature together with the foreshock formation leads to different
particle acceleration mechanisms being effective in different bow shock re-
gions. Energetic particle observations made immediately upstream of the
bow shock seem to be consistent with diffusive acceleration at the quasi-
parallel region and shock drift acceleration at the quasi-perpendicular re-
gion [Meziane et al!,2002]. The maximum energies are limited by the small
size of the bow shock, as the particles convect past it [e.g., Krauss-Varba,
2010]. These characteristics have bearing on the particle acceleration stud-
ies of [Paper 1| and [Paper Tl| where the bow shock was one of the two
interacting shocks.

Kennel et all [1984a] pointed out that the bow shock’s radius of curva-
ture is smaller than the length scale of the foreshock. Moreover, the tur-
bulence in the quasi-parallel magnetosheath extends to the magnetopause,
and hence it is difficult to estimate its decay length. Consequently, they ar-
gued that the bow shock is not perfectly separated from the magnetopause.
Combined with the motion of particles from the quasi-perpendicular side
to the quasi-parallel side via foreshock, some features of the bow shock may
be very different from other shocks with better scale separation.

For instance, though no significant turbulence or secondary ion ac-
celeration is seen farther upstream of the quasi-perpendicular bow shock
due to the convection, these are present at (oblique) interplanetary shocks
[Desai et al. [2011], Krauss-Varban [2010], and the references therein].
Krauss-Varban et all [2008] performed large (hundreds of proton inertial



3.2. WAVE-PRECURSORS AND FORESHOCKS 23

lengths) and long-duration (300 wgpl, wep is the proton cyclotron fryquency)
2D hybrid simulations of an oblique (65, = 50°) planar shock. They found
that the sufficiently large scale planar shock catches up with the dilute ion
beams it has reflected, and is subject to the instabilities they create. In
their simulation the compressional waves change the local 6 g,—undulation
with a wavelength of about 100 to 200 proton inertial lengths—resulting in
more upstream wave and particle production.

Fortunately, with multi-point observations we are not as bound as
the early missions by the assumptions of strict planarity of interplanetary
shocks either. In fact, the assumption has been tested by
Neugebauer and Giacalone [2005]. They analysed 25 well-defined quasi-
perpendicular interplanetary shocks that had been observed by five space-
craft plus one event that had been observed by six. They used the four-
spacecraft method to obtain five (fifteen in the six spacecraft event) in-
dependent sets of normals and speeds. They also calculated normals and
speeds using single-spacecraft methods. Furthermore, they estimated the
shock radius of curvature with different methods. Most of the shocks were
inconsistent with planar structures, or spherical structures with a radius of
1 AU. In other words, the shocks were found to be rippled. They reported
that the average local radius of curvature was ~ 3 x 10°km (~ 500 Rg)
that is close to the observed coherence scale of the fluctuating IMF. Note
that the size of the ripples they could observe was limited from below by
the spacecraft separations, which were of the order of 10° km, correspond-
ing to 103 ion inertial lengths for typical solar wind conditions. Thus they
were not able to discern any smaller scale (< 10? ion inertial lengths) rip-
ples existing at the same time, though such were evident in the 2D hybrid
simulations presented in the same article.

To summarise, many space plasma shocks show structuring at various
spatial scales. Often the conventional plane wave description is not suffi-
cient, and should at least be carefully tested. The shock front rippling also
casts some doubts to conclusions drawn from single spacecraft observations
of, e.g., shock obliquity versus foreshock formation.

3.2 Wave-precursors and foreshocks

As the overall radius of curvature of ICME and CIR-associated shocks is
much larger than the bow shock’s, they should in principle reveal the differ-
ences between the quasi-perpendicular and quasi-parallel geometries. The
early observations |[Kennel et all, [1985] revealed that wave-precursors ex-
tended hundreds of Ry upstream of quasi-parallel IP shocks, but not of
quasi-perpendicular TP shocks (based on the instantaneous obliquity mea-
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surements). Supra-thermal ions, on the other hand, were observed up-
stream of IP shocks with a wide range of 0p, |Gosling et all, [1984]. How-
ever, judging the global solar wind conditions is difficult and single point
measurements of the shock parameters do not necessarily reflect the large
scale physics, as discussed above. The study of interplanetary shock fore-
shocks has only recently re-activated owing to the STEREO mission. For
instance, Blanco-Cano et al. [2011] have reported that at 1 AU, the ICME-
driven shocks have more extended foreshocks than the CIR-related shocks.

The foreshock region of the bow shock is always present and easier to
probe, but formed as an interplay between the quasi-perpendicular and
quasi-parallel regions, as noted in the previous section. Yet its role in the
solar wind—magnetosphere interaction certainly warrants dedicated studies
of its properties. The recent presentation of Cluster foreshock results by
Eastwood et al. [2005] includes also an extensive list of previous reviews of
foreshock studies. Here we will concentrate on the foreshock phenomena
relevant to the studies of this thesis and the related recent findings.

The location of the foreshock varies according to the interplanetary
magnetic field direction. Of special interest to foreshock related studies is
the radial IMF configuration, i.e., the geometry when the magnetic field is
(locally) parallel to the Sun—Earth line. More quantitatively, the IMF is
typically considered quasi-radial if the angle between B and the Sun—Earth
line (the cone-angle) or the angle between B and Vgw is less than 30°.
According to statistical studies, radial IMF is observed 16% of the time
[Suvorova et all, [2010] and extended (> 6h) periods occur at the wake of
every fifth ICME [Neugebauer et all, [1997].

During radial IMF, the subsolar bow shock is quasi-parallel and thus
the foreshock covers the whole dayside and extends far to the upstream so-
lar wind. Accordingly many foreshock related phenomena are the strongest
under these conditions [e.g., Blanco-Cano et all, 2009, and the references
therein]. Consequently radial IMF is favoured in foreshock simulation stud-
ies. We will also return to the radial IMF in the next section when dis-
cussing the anomalous magnetosheath flows.

The reflection and energisation of particles at the bow shock depend
on the shock obliquity and Mach number that vary rapidly along the
shock front. Combined with the ‘velocity-filter’ effect, different parts of
the foreshock are populated with different types of particles and accompa-
nying waves leading to spatial regions with rather distinct characteristics
[Eastwood et al., 2005]. The locations of electron and ion foreshocks for a
tilted IMF direction are illustrated in Figure Furthermore, a number
of ion groups have been named based on their observed velocity distribu-
tion characteristics [e.g., [Kis et al), 2007, and the references therein|. For
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example, ‘field-aligned ion beams’ are observed near the leading edge of
the ion foreshock, while ‘intermediate’ (a crescent-like shape) and ‘diffuse’
(a wide, fairly isotropic shell) ions are seen deeper in the ion foreshock,
upstream of the quasi-parallel bow shock. The latter two populations are
observed together with ultra low frequency (ULF) waves (0.01-0.2 Hz). Ac-
cordingly, this region of wave activity is confined by the ULF wave bound-
ary. A newer finding is the foreshock compressional boundary associated
with enhanced densities and magnetic field strengths |Sibeck et all, [2008;
Omidi et all, 2009]. Its formation is tied to the ULF wave activity, but the
compressional nature can be understood in terms of the backstreaming ions
resulting in increased pressure within the foreshock and leading to expan-
sion against the pristine solar wind. For low cone-angles, the compressional
boundary is symmetric with the Sun—Earth line, while at larger cone-angles
it forms only on one side.

Some of the foreshock waves can steepen into larger structures, such
as Large Amplitude Magnetic Structures (SLAMS) [Schwartz and Burgess,
1991)] (or simply ‘pulsations’ [Burgess, 1995]) that convect back to the bow
shock and modify it. The SLAMS have a relatively smooth magnetic field
signature, where the magnetic field magnitude is enhanced by a factor
of two or more over the background level. For an early statistical study
see, e.g., Mann et all [1994]. [Schwartz and Burgess [1991] suggested that
SLAMS coalesce together to form the quasi-parallel shock front. Yet not
all quasi-parallel shocks fit this ‘patchwork scenario’ [Burgess, 1995].

Based on the early single and twin spacecraft studies it was suggested
that SLAMS would be of the order of 0.5-1 Ry in scale [Schwartz, 1991].
Cluster observations at ~ 1000 km spacecraft separations indicate that
SLAMS are coherent transverse to the expected shock normal over these
scales [Lucek et al), [2008]. However, somewhat unexpectedly, smaller sep-
arations showed that even at scales of 600 km, SLAMS appear to be struc-
tured instead of monolithic |[Lucek et all, 2002]. Only at scales of 100 km,
comparable with the ion inertial length in the pristine upstream solar
wind at the time, the SLAMS showed more coherence [Lucek et all, 2004].
Lucek et al. [2004, 2008] argued that the structuring is spatial rather than
temporal, implying that SLAMS are quite filamentary in nature [Schwartz,
2006]. On the other hand, a filamentary structure agrees well with the re-
cent simulations [Omidi et al); 2005, 2009; Blanco-Cano et all, 2006, 2009;
Lin, 2003]. All in all, satellite observations and simulation studies have
led to the picture of quasi-parallel shock being an extended region highly
varying in space and time.

Foreshock influence is not limited to SLAMS. The ubiquitous variations
in the solar wind properties, particularly in the IMF direction, lead to
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transient phenomena in the foreshock. For instance, [Turner et al! [2011a]
have reported THEMIS observations of a magnetopause disturbance that
was probably caused by a foreshock cavity that was formed at the edge of
the foreshock as the IMF changed direction.

One of the most spectacular transient phenomena are the Hot Flow
Anomalies (HFAs) (for a review, see |[Facsko et al) [2010]). In the ‘classic’
scenario, HFAs are formed when a tangential discontinuity under suitable
solar wind conditions sweeps across the bow shock from the perpendicular
to the parallel side. The change in the IMF direction should be such that
the solar wind convective electric field is directed towards the discontinuity
on at least one side of the TD. The field focuses the reflected particles
and they can be channelled along the discontinuity plane. This leads to
a disruption in the bow shock, and to the emergence of a bulge of hot
magnetosheath-like plasma by the time the TD reaches the quasi-parallel
region. The ion distributions inside the bulge are complex and the bulk flow
velocity is often low or even sunward. The magnetopause as well can be
locally pulled sunwards |Jacobsen et al., 2009]. Interestingly, [Zhang et al.
[2011] have recently reported THEMIS observations indicating that HFAs
could also grow out of foreshock cavities.

Another newly discovered transient with global effects is the foreshock
bubble [Omidi et all, 2010; Turner et al., 2011b], which is formed as a ro-
tational discontinuity traps the backstreaming ions in the foreshock during
small cone-angles. As the bubble smashes into the bow shock, it has global
magnetospheric effects as the flow in the magnetosheath is momentarily
reversed.

3.3 Anomalous magnetosheath flows

The sheath region between the shock and its driver, be it the magnetopause
or a magnetic cloud, is as dynamic as the upstream region. Here again, the
magnetosheath of the Earth is the most extensively studied sheath region
[Lucek et al!, 2005]. On average, the magnetosheath properties show spa-
tial ordering imposed by the shape of the magnetopause as well as variations
that depend on the solar wind input. Yet our understanding of how the
bow shock processes the upstream variations, especially the foreshock phe-
nomena generated by itself, is still quite poor. Recently, as the multipoint
observations of Cluster and THEMIS on the dayside have accumulated, the
complex magnetosheath structures have come under active research.

One of these intriguing phenomena are the anomalous magnetosheath

flows with high dynamic pressure that we studied in and
Although it is not possible to ascertain that all reported en-
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hancements of flux |Nemecek et alJ, 11998 , kinetic ener densit
il 201 Sl 008 001 2013, oty (St ct ol
| or dynamic pressure |Archer et all, mﬁ] would indeed be the same
phenomena, they seem to share similar characteristics. The jets, as we
have opted to call them, have a finite spatial scale of the order of a few
Rg. Nemecek et all M], who made the flux enhancement observations
near the flank magnetopause, reported no significant variations in veloc-
ity, though the data points were sparse. The pressure pulses observed by
| were fast, but generally not supermagnetosonic, while

the jets observed by Shue et al! [2009], Amata. et all [2011], and [Savin et al!
ﬂ20.0§i |2Q]_]J, |2Q]_ﬂ] were. The dynamic pressure of the jets clearly exceeds
the ambient dynamic pressure of the magnetosheath, and typically the dy-
namic pressure of the pristine solar wind as well. The jets seem to occur

behind a quasi-parallel shock [Amata et all, 1201 U; [Archer et alJ, 2!!12] and
in particular, during radial IMF |[Nemecek et alJ, M; Shue et alJ, M]

Before no mechanism was proposed for the formation of the
ma;netosheath jets. Reconnection had been ruled out by

] and Savin et al! [2008] (also later in a careful study by

]). The MHD and hybrid simulations of Lin_et. all ﬂl&%.a”ﬂ] had shown
that solar wind rotational discontinuities would form pressure fronts in the
magnetosheath with amplitudes 2-3 times the background magnetosheath
pressure. Nemecek et _al HL%H] pointed out that these fronts were inconsis-
tent with the observed finite spatial scale. They suggested locally created
foreshock discontinuities instead, although the foreshock observations they
presented did not correlate with the magnetosheath observations.

In we pointed out that local changes in the curvature of a
high My shock front can result in fast bulk flows on the downstream side.

Based on observations and simulations [e.g., Eucﬁk_et_alj, hﬂﬂg; Dmidj_e:c_aﬂ,
m; Blanco-Cano et alJ, M], it seems that such ripples are inherent to

quasi-parallel shocks. In brief, we noted that in the regions where the local
shock normal is quasi-perpendicular to the upstream velocity, the shock
mainly deflects plasma flow while the speed stays close to the upstream
value. Together with the compression of the plasma, these localised streams
can lead to jets with a dynamic pressure that is several times higher than
the dynamic pressure in the upstream region. Naturally, it is not possible
to verify that all reported jets would stem from the shock-ripple-related
mechanism.

Later, Savin ef. al! [2011, 2012] have claimed that many jets would be
flow deflections due to Hot Flow Anomalies. However, no siiniﬁcant ve-

locity enhancements are seen in the typical HFA crossings
MT and the references therein]. Compression regions, on the other hand,

)
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are formed on the edges as the HFA expands in the direction transverse to
the flow.

Recently, |Archer et al. [2012] returned to the propositions of [Lin et al.
[1996a,b] as they studied THEMIS observations of dynamic pressure pulses.
Many of the pulses were adjacent to large rotations in the magnetic field
direction, though not all of them could be unambiguously associated with
solar wind discontinuities. They proposed that the pulses would be trig-
gered by a very specific subset of discontinuities changing the bow shock
local obliquity from quasi-perpendicular to quasi-parallel, or vice versa.
During such transitions, no pulses were observed downstream of the quasi-
perpendicular bow shock. Consequently, they suggested that the quasi-
parallel region could play a role in the pulse formation. In particular,
the breaking up of the pressure front seen in the simulations |Lin et all,
19964,b] into the observed smaller pulses could be related to the SLAMS.
We will discuss these propositions more in the context of and
in the next chapter.

In [Pap V] we also studied how these ‘local’ mesoscale variations af-
fect the magnetosphere. The jets with their high dynamic pressure provide
a source for large magnetopause perturbations [Shue et all,[2009; Amata et all,
2011; |Archer et all, 2012]. The favourable conditions for the occurrence
of jets—radial IMF and/or downstream of a quasi-parallel bow shock—
are in fact the same as for the occurrence of magnetopause perturbations
[Russell et al), [1997; [Plaschke et al!, 2009]. Furthermore, these conditions
also agree with observations of magnetic oscillations at the geostationary
orbit during steady solar wind [Sanny et all, 2002].

On the other hand, the density variations in the foreshock of a quasi-
parallel bow shock that can contribute to the shock rippling have been
suggested to transmit into the magnetosheath and impinge on the magne-
topause [Sibeck et al), [1989; [Fairfield et all, 1990]. However, the foreshock
dynamic pressure variations are typically much smaller than the pulses in
the magnetosheath [Sibeck et al),[1989;|Archer et all,2012]. The bow shock
ripples could thus act as amplifiers of the upstream variations, and the rip-
ple induced jets could then be a means to transmit the variations through
the magnetosheath and effectively perturb the magnetopause.

3.4 Particle acceleration in shock—shock
interaction

While most studies consider particle acceleration in a single shock (see, e.g.,
the reviews by Burgess [2007] and Reames [1999] for the bow shock and
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the inner heliosphere), shock-shock interaction is an interesting topic as
well. In [Paper 1| and [Paper I1| of this thesis, we addressed the question
of acceleration in a head-on collision of two shocks. This acceleration setup
has its roots in the work by [Fermi |1949], as discussed in Section 222}
a geometry where two shocks collide head-on establishing a contracting
magnetic bottle, is an evident way to produce enhanced acceleration.

In the solar system, suitable configurations can form when a CME-
driven shock hits a planetary bow shock or a CIR shock. In fact,
Gomez-Herrero et all [2011] have reported observations of possible inter-
planetary CME—CIR interactions affecting the observed energetic ion fluxes
at 1 AU. It has also been suggested |Giacalone et al), [1993; Mann et al.,
1994; |Classen and Mann, 1998] that SLAMS in the foreshock of the Earth’s
bow shock could act as small, shock-like magnetic mirrors and accelerate
particles as they convect to the bow shock.

Previous observations of particle acceleration in shock—shock collisions
have been mostly indirect. The interaction of two CMEs, for instance,
has usually been inferred by combining white-light coronagraph images
taken by LASCO (onboard SOHO spacecraft) with radio observations. For
a recent summary see, e.g., Lugaz et al! [2008]. Before in situ
observations had been reported on two events of IP shock interaction with
the bow shock of the Earth: one on November 11-12, 1978, and the other
on October 18, 1995.

The interplanetary shock event of November 11-12, 1978, has been en-
titled as “the grandaddy of all quasi-parallel interplanetaries”, as it was
i) one of the strongest solar energetic particle events observed at the time
and ii) the first IP shock for which a wave-precursor was found |[Kennel et al.,
1984b]. IScholer and Ipavich [1983] compared the flux of 30-157keV ions
observed by ISEE-1 during the event close to the quasi-perpendicular bow
shock to the flux observed by ISEE-3 far upstream. In particular, ISEE-1
detected a peak-like enhancement of the flux at the IP shock crossing, but
this peak was not seen in the ISEE-3 profiles. They interpreted the peak
to result from particles upstream of the IP shock undergoing further accel-
eration at the bow shock. In addition, Kennel et al| [1984h] suggested that
the pressure of the suprathermal protons was as high as the thermal and
magnetic pressure upstream of the IP shock at ISEE-3, even though the
spacecraft was not connected to the bow shock.

Reacceleration of energetic electrons in the event of October 18, 1995,
was briefly reported by [Terasawa et all [1997]. The setup was very similar
to the event of November 11-12, 1978: Geotail was approximately 10 Rp
upstream of the nominal (quasi-parallel) bow shock location while Wind
was located far upstream (Xgsg ~ 175 Rg). Geotail observations showed
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evidence of bi-directional electron anisotropy along the IMF. According
to the interpretation of [Terasawa et al. [1997], the bow shock and the IP
shock were magnetically connected for 50 min before the crossing, and the
electrons trapped between them were accelerated.

Including the event of August 9-10, 1998, studied in increases
the number of analysed IP shock—bow shock interaction events to three. It
would thus seem that, despite being quite a common phenomenon in space,
shock interaction events with both magnetic field and spacecraft config-
urations suitable for detailed in situ studies are relatively rare. Besides,
as the shocks are curved, the angle 0p, at both connection points of the
spacecraft should be carefully inspected.

Shock—shock collisions have been investigated in a few simulation stud-
ies as well. (Cargill [1991] (see also the first article in the series (Cargill et al.
[1986]) used a 1D hybrid code to test the effects of the shock obliquity
(0p,) and the relative strength of the two shocks on particle acceleration.
It should be noted that these simulations dealt with very small spatial and
temporal scales: for typical solar wind conditions at 1 AU the simulation
parameters correspond to a box size of about 1-3 Rp and a duration of
10-30s. In order to overcome the difficulty related to the formation time
of a steady-state shock front, both shocks were initialised separately and
then loaded into the common simulation box. The particles were acceler-
ated out of the thermal population. Their energies reached 10 and 30 times
that of the kinetic energy of the unshocked ions for quasi-perpendicular
and quasi-parallel shock pairs.

Recently, [Lembege et all [2010] have analysed collisions between quasi-
perpendicular non-stationary shocks using a 1D full particle-in-cell simula-
tion. Their main interest, however, was not particle acceleration but shock
front self-reformation before and after collision.

Interestingly, particle acceleration in shock—shock collisions, or rather,
in shock merging has been studied also in the laboratory. A series of papers
including [Dudkin et al. [1992, (1995, 2000] concerning collisionless proton
and deuteron plasmas was produced with the motivation to investigate
the possibilities of shock-based particle accelerators. They used a specific
geometry where two quasi-perpendicular, low Alfvén Mach number shocks
collided at a fixed angle, so that the background magnetic field lay between
the shock fronts. The energy of the accelerated deuterons streaming along
the magnetic field reached 1-10 MeV.



Chapter 4

Results

This chapter describes the main results of the four articles together with
some further analysis as well as discussion in the context of recent de-
velopments in the field. Section [4.1] presents the multi-spacecraft study of
particle acceleration in shock—shock interaction followed by further analysis
with a numerical model. The novel result was the first in situ observations
of particles released as the shocks collide—an interpretation that was fur-
ther confirmed by the simulation study. Section [£.2] describes the studies on
high speed subsolar magnetosheath jets: a mechanism for their formation,
their observational properties, as well as effects on the magnetosphere. We
found that the proposed mechanism based on the bow shock ripples can ac-
count for the main properties of the jets, including their finite spatial scale
and the observed range of dynamic pressure. The signatures of the jets
could also be identified at the geostationary orbit and in the ionosphere.

4.1 Shock—shock interaction

Particle acceleration in shock—shock interaction is a well-established acceler-
ation mechanism, but difficult to identify from observations. Figure [4.1](a)
illustrates an ideal setup: two quasi-parallel shocks approach each other
forming a contracting magnetic trap. Particles with a small enough pitch-
angle are able to escape the trap. The rest of them gain energy through
interaction with the shocks and the conservation of the second adiabatic
invariant. The acceleration mainly increases the momentum of the particles
parallel to the magnetic field. Thus their pitch-angle decreases and at some
point they, too, will be able to escape the trap.

Eventually the separation between the shocks becomes of the order of
the gyroradius of the particles. The remaining particles will no longer feel

31
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c)

Figure 4.1: (a) Illustration of a magnetic trap formed by two shocks. The
black lines depict the magnetic field, red lines the shock fronts and magenta
spiralling arrows propagating energetic particles. (b) When the shocks get
close enough to each other, the remaining particles escape. (c¢) Schematic
picture of the August 9-10, 1998 event. The black lines depict the IMF. The
red paraboloid represents the bow shock of the Earth, and the pink region
its foreshock. The red line represents the IP shock, and the red dashed
line indicates its the position when it hit the bow shock. The numbers
refer to the different phases of particle acceleration (see text for details).

Subfigure (c) adapted from
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the trap and are released, as illustrated by Figure [LIi(b). Since the gyro-
radius depends on the energy of the particles, the higher energy particles
are released earlier than the lower energy particles.

Figure [1J(c) presents the general geometry of the IP shock—-bow shock
interaction event of August 9-10, 1998, studied in [Paper T and [Paper TI|
The detailed analysis was made possible by the advantageous spacecraft
configuration, and the quasi-radial IMF that lasted for several hours before
the TP shock passage during the first hour of August 10.

4.1.1 Observations

The five spacecraft—ACE, Wind, IMP-8, Geotail, Interball—observations
of the IP shock of August 10, 1998, was first used by [Szaba [2005] to com-
pare the normals obtained with the four-spacecraft method (Section 2:3.2]).
He concluded that the IP shock had ripples of the order of 1 R, but he did
not take into account that the fifth spacecraft, Interball, was located deep
in the foreshock region.

Prech et all [2009] presented a “preliminary analysis” on the IP shock
propagation through the foreshock in this event. They compared the mag-
netic field and plasma observations of the five spacecraft as well as the
energetic particle measurements of Geotail and Interball near the IP shock
crossing. They showed that “the profiles of basic parameters can be sub-
stantially modified, probably due to presence of energetic particles” in the
foreshock. However, they did not discuss the possibility of enhanced ac-
celeration due to shock—shock interaction. Thus they did not connect the
high level of the energetic particles observed in the foreshock region to that
process. In addition, they did not comment on the peculiar behaviour of
the Geotail’s omni-directional energetic particle measurements: the lower
energy particles peaked at the IP shock crossing, the higher energy particles
after the crossing.

In we compared the magnetic field, plasma, and energetic ion
data from ACE, Wind, and Geotail spacecraft from August 9 00:00 UT
to August 10 06:00 UT. We found that 17:00-19:00 UT on August 9, a
tangential discontinuity crossed the near-Earth space. The IMF turned
quasi-radial and kept this direction until the IP shock crossing on the next
day. At the TD there was also a significant increase in the energetic particle
fluxes. We found that the period of quasi-radial IMF corresponded to a flux
tube that was connected to the IP shock and filled with a seed population
of energetic particles accelerated by it (phase 1 in Figure [4.1]).

Since ACE was magnetically connected to the IP shock but not to the
bow shock, the seed population could be characterised by its measurements:
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a constant spectral index and temporally constant flux intensity profiles
during the 6-7 hours from the TD crossing to the IP shock crossing. No
‘shock-spike’ could be identified at the IP crossing. Thus ACE observations
made it possible to distinguish the contribution of the bow shock and the
shock—shock interaction to the particle acceleration. The energy channels
above ~ 550 keV were particularly useful, as those energies are not normally
seen upstream of the quasi-parallel bow shock even when there is an ambient
seed population [Meziane et all, 2002].

Wind observed several particle bursts coming from the bow shock direc-
tion during the first part of the event (phase 2). These bursts corresponded
to times when the spacecraft was connected to the quasi-perpendicular flank
of the bow shock. Later, Wind became continuously connected to both
shocks, and measured an increasing flux as well as two counter-streaming
populations until the IP shock crossing (phase 3).

Geotail was located closest to the Earth and continuously connected to
both the IP shock and the oblique bow shock. It recorded the highest inten-
sity at the IP shock crossing. Adding directional information revealed that
the peculiar peak had a complex structure: the fluxes of particles propagat-
ing parallel to the magnetic field (pointing out from the Sun) peaked before
the IP shock crossing, with the higher energies leading. The fluxes of parti-
cles propagating anti-parallel to the IMF peaked approximately 2 minutes
after the IP shock crossing and were responsible for the after-shock max-
imum of the omni-directional flux at energies larger than 140keV. More-
over, also this peak of the sunward propagating particles seemed to occur
for higher energies first, suggesting a source or a release anti-sunwards from
the spacecraft. Based on this velocity dispersion and the analysis of the
geometry of the two shocks, we concluded that these particles had been
released from the magnetic trap between the shocks as they collided (phase
4).

Note that the magnetic connection of Geotail in this event differs from
the connection of ISEE-1 in November 11-12, 1978, event. In particular,
ISEE-1 was not connected to the bow shock during the half hour following
the IP shock crossing [Scholer and Ipavich, [1983]. Consequently, it could
not observe particles accelerated at the shock-shock intersection region. To
our knowledge, we reported in the first direct, in situ measure-
ments of particles released from the collapsing trap formed by two shocks.

The enhanced particle acceleration had interesting consequences for the
foreshock. Figure shows Interball measurements during the ~ 6 hours
from the TD to the IP shock crossing. We can see that as the flux of
> 50keV particles increased, the magnetic field magnitude and the anti-
sunward flux steadily decreased well below the average solar wind level (blue
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Figure 4.2: Interball observation in the foreshock during the shock—shock
interaction event. From top to bottom: magnitude of the magnetic field,
anti-sunward flux, and the energetic proton flux in three energy channels.
The first proton sensor of the DOK-2 instrument looks anti-sunward. The
vertical black and red dashed lines show the TD and IP shock crossings.
The horisontal blue dash-dotted lines in the first two panels indicate the
pristine solar wind level.
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dash-dotted lines). Right before the IP shock the magnetic field magnitude
was only 3nT compared to the 5nT of the pristine solar wind. Conse-
quently the magnetic pressure in the foreshock was only one third of the
magnetic pressure in the solar wind, but it was balanced by the increased
pressure of the energetic particles. We conclude that the enhanced particle
acceleration resulted in a diamagnetic cavity in the foreshock region of the
Earth.

4.1.2 Simulations

In we used a global, 2.5D test-particle simulation described in
Section [2.4] to further investigate particle acceleration in the August 9-10,
1998 event. In particular, we wanted to study the last hour of interaction
when phases 3 and 4 were observed, to see whether the shock—shock inter-
action in this magnetic geometry could explain the observed shapes of the
flux profiles.

We used ACE observations of the event seed population to characterize
the test-particles. They were inserted into the box in the energy range 0.1-
3MeV and had a power-law energy distribution with the index 0 = —4
and a step-function pitch-angle distribution. Furthermore, as the test-
particle densities in the model are arbitrary, they were normalised so that
the density in the 0.22-0.47 MeV range matched ACE observations in the
beginning of the run.

Figure[43lshows two snapshots of the test-particle density in the energy
range 0.22-0.47 MeV during the simulation run. The locations of Wind
and Geotail projected to the equatorial plane are indicated as well. Figure
[43l(a) illustrates the processes taking place at the beginning of the run.
The magnetic field lines connected to the dusk flank of the bow shock were
filled with accelerated particles. As there was no scattering in the model,
the quasi-parallel part of the bow shock did not accelerate particles and the
pre-noon sector contained less particles than expected for the real foreshock
region. The first particles reflected from the IP shock have formed a front
(located near Wind in the figure) that proceeded through the box as the
particles bounced between the shocks while drifting to the —Y direction.

Figure 3[(b) shows one of the main results of at around
44 min the shocks begin to pass through each other starting from the post-
noon region in this 2D projection. This results in a drop in the test-particle
density. On one hand, this drop expands along the bow shock at the speed
of the shock—shock intersections. On the other hand, the drop propagates
downstream along the magnetic field lines at the speed of the last escaping
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Figure 4.3: Snapshots of the test-particle density in the 0.22-0.47 MeV
channel. The black lines indicate magnetic field lines. The red curve illus-
trates the location of the bow shock and the white dashed line the location
of the IP shock. The white dots indicate the virtual spacecraft correspond-
ing to Wind and Geotail. The white arrow points to the area of decreased
particle density about to expand to the location of Geotail. Adapted from
Paper 11
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Figure 4.4: Comparison of energetic particle density time-profiles. The re-
sults of the numerical model are shown on the left (a), and the spacecraft
observations on the right (b). In both cases the top panel shows the ener-
getic particle density at four energy channels while the lower panel depicts
the components of the magnetic field and its magnitude. The vertical red
dashed line indicates the time of the IP shock crossing. The x-axis of (a)
indicates the time since the beginning of the run, and the simulation clock
has not been synchronised with the observations. Adapted from [Paper TI|
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particles. The arrival of this drop to Geotail’s location ends the increase in
the test-particle density.

Figure [£4] shows the simulated time series extracted from a virtual
spacecraft placed at Geotail’s location next to Geotail’s actual observations.
Note that in the model, the magnitude of the magnetic field after the IP
shock crossing was ~ 2nT lower than observed due to small changes in the
IMF direction just before the crossing. Before the crossing the simulated
particle densities show a similar increase as the observations. Moreover,
the maximum is reached after the crossing in both cases. The timing of
the peaks, though not the height, is also very similar. As discussed above,
this peak, or rather, the drop ending the increase was caused by the arrival
of the decrease related to the shock collision. Since the last high energy
particles reached the virtual spacecraft before the last low energy particles,
the peak has a velocity dispersion of 30-50 s.

Despite the limitations of the model on the one hand and, e.g., the
limited field-of-view of the spacecraft instruments on the other, we found
a good agreement with the numerical model and the observations. To
conclude, the simulation results verify that the main features of the mea-
surements can be explained by shock-shock interaction in the magnetic
geometry under consideration. In particular, they are in agreement with
the interpretation given in that the Geotail post-shock maximum
resulted from the release of particles from the collapsing trap.

Figure 4.5: Left: Illustration of an ICME catching up a CIR. Right: Snap-
shot of an MHD simulation showing two consecutive CMEs lifting off at
different angles. The colour-coding displays the compression ratio. Cour-
tesy of J. Pomoell.
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Shock—shock interactions in this type of magnetic geometries can oc-
cur in various space plasma and astrophysical settings, such as IP shock
collisions with other planetary bow shocks. Another interesting case are
ICME-CIR interactions, as illustrated on the left in Figure An ICME
catching up on a CIR can form a contracting magnetic bottle with the re-
verse shock. |Gémez-Herrero et all [2011] have reported on several STEREO
observations of ICME—-CIR interactions. In some of these events, the ob-
served maxima in hundred-keV range particle fluxes could be related nei-
ther to shocks nor to developing shocks in the vicinity of the spacecraft. In
we suggested that these enhancements could be caused by parti-
cles escaping from a trap between the ICME shock and the reverse shock
beyond 1 AU. The right-hand part of Figure shows a different setup
where two CMEs lifting off at different angles form a trap between them.
The upcoming Solar Probe Plus mission |[07], approaching the Sun as close
as 10 solar radii, may be able to provide more direct evidence of such in-
teractions than the currect remote observations.

4.2 Supermagnetosonic magnetosheath jets

In[Paper III and [Paper IV]|we studied the near-Earth observations from
the evening of March 17, 2007, which was characterised by an 8-hour period
of steady solar wind with radial IMF. At 20:20 UT, the heliospheric current
sheet crossed the Earth and the overall IMF configuration changed to more
Parker spiral like. ACE and Wind were located near the L1 point and
were used as solar wind monitors. Geotail was skimming the bow shock in
the turbulent foreshock. The four Cluster spacecraft (C1-C4) were on an
outbound orbit near the subsolar point. The magnetopause moved across
them several times starting from 17:15 UT. The spacecraft constellation
was flat in the nominal plane of the magnetopause, as C3 and C4 were
close to each other (950 km apart), while the others were slightly more
than 7000 km away.

The CIS-HIA instruments on C1 and C3 measured several antisunward
jets with speeds between 300 and 500 km /s when the solar wind speed was
530 km/s. Although the duration of the jets varied, it should be noted
that many of them lasted minutes. In other words, their spatial scale in
the direction of the flow was several Rp, while the transverse size was (at
least) of the order of the spacecraft separation. Thus the jets should be
considered as a ‘mesoscale’ phenomenon, i.e., of a scale that is smaller than
the global scale but larger than the kinetic scales.

In we proposed, based on the Cluster observations, a gen-
eral plasma physics mechanism for the formation of fast, even supermag-
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Figure 4.6: Top: Schematic picture of the velocity field across a high Mach
number shock that is either planar (a) or rippled (b). The red line depicts
the shock, and the blue area is the downstream side. Bottom: Illustration
of the effect of a bow shock ripple. The variation of the plasma number
density in the downstream region is illustrated by the shading: dark blue
indicates density enhancement, light blue indicates density depletion. The
jet perturbs the magnetopause depicted by the thick blue line. In the
particular case where the jet is supermagnetosonic in the frame of the
magnetopause, an additional weak shock forms. The inset details the flow
deflection when V7 is not parallel to n. Note that the picture is not to

scale in the horizontal direction. Figure from
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netosonic jets behind a rippled high Mach number shock. With a ripple we
mean a local perturbation in the curvature of the shock front that changes
the angle o at which the incoming flow meets the shock, as illustrated in
Figure We inferred that the lower limit for the scale of the particu-
lar jet and the bow shock ripple under consideration in was of
the order of the spacecraft separation: 2 50 ion inertial lengths, ~8000 km,
~1.2 Rgp. Note that at kinetic scales the ripple most likely looks much
more complex than Figure indicates. Moreover, the ripples are highly
dynamic.

In we considered the properties of these magnetosheath jets
and also extended the study to investigate their effects on the magneto-
sphere. For the latter purpose we used GOES-11 and 12 spacecraft that
were in the geostationary orbit on the dayside. In addition, we analysed
ionospheric velocity data measured by the SuperDARN radars in the North-
ern Hemisphere.

4.2.1 Mechanism

Let us first consider the plasma flow across a high My MHD shock wave.
The shock primarily decelerates the component of the upstream velocity
V; that is normal to the shock front, i.e., the Rankine-Hugoniot jump
conditions ([ZJOHZT4)) give Vi, = 7V, and Vi, ~ Vo If the shock is
planar, with an orientation illustrated in Figured.6l(a), the density increase
and the flow velocity decrease are ppmo = 7pm1, and rVo = Vi. The dynamic
pressure of the plasma flow is thus smaller on the downstream side of the
shock than on the upstream side:

1 1
den2 = Pm2V22 = ;pml‘/f = ;denl' (41)

However, if the shock is locally rippled with a geometry sketched in
Figure [L6lb), the plasma speed stays close to the upstream value Vo ~ V;
near the edges of the ripple. Since the plasma is still compressed, pm,o ~
rpm1, the dynamic pressure can in fact be larger on the downstream side
than on the upstream side:

Paynz = 1pm1 V2 = 7 Payn1. (4.2)

Figure [4.6lc) depicts a bow shock ripple that has a downstream flow
profile matching the example jet considered in [Paper ITI| and [Paper TV]
Crossing the bow shock leads to efficient compression and deceleration of
the solar wind plasma in the regions where the angle o between V1 and n
is small. This is the typical situation near the bow shock apex. Still, if the
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bow shock is locally rippled, there can be small regions where « is large,
and the bow shock mostly deflects the solar wind flow.

The spatial profiles of the plasma parameters depend on the form (and
the time development) of the ripple. The velocity maxima are found at the
edges of the ripple, but the speed can be large at the centre as well. The
density variations are caused by convergence and divergence of the flow,
so that the maximum is near the centre of the ripple. There can also be
additional plasma pile-up when the jet hits the magnetopause and indents
it. This structuring of the magnetosheath is illustrated by the blue shading
in Figure [£.6{c).

The high speed together with the increased density behind the ripple
lead to a jet of very high dynamic pressure, as stated by Equation (4.2]).
The dynamic pressure of the jet perturbs the shape of the magnetopause.
Furthermore, there is the possibility that the speed Vs of this jet in the
magnetosheath is still supermagnetosonic in the reference frame of the mag-
netopause. In this case a second weak shock front forms closer to the mag-
netopause (Figure [6(c)). In we identified such a secondary
shock from the Cluster observations.

Radial IMF is not a favourable condition for the formation of (classic)
Hot Flow Anomalies [Facské et all, 2010], so the proposition of [Savin et al.
[2011), 2012] introduced in section B3] is not applicable to such events. For
steady radial IMF [Savin et all [2012] suggest that foreshock disturbances
would represent local obstacles for the solar wind flow and trigger jets
similarly to the HFA case. However, as a part of their explanation they
also invoke local conservation of the plasma flux (or flow), which is a quite
problematic concept for collisionless plasmas, transient phenomena, and
point measurements.

Archer et all [2012] proposed, based on THEMIS observations and pre-
vious simulations |Lin et all, [1996a/b] that the dynamic pressure pulses
would be caused by solar wind rotational discontinuities changing the bow
shock from quasi-perpendicular to quasi-parallel, or vice versa. However,
in [Paper Illjand|[Paper IV|we did not observe large enough or numerous
enough variations in the IMF orientation to account for all the jets. More-
over, this proposition fails to explain the finite spatial scale of the pulses,
as well as the observed range of dynamic pressure, as discussed in the next
section.

4.2.2 Observational properties

In we considered the general properties of the jets observed
by Cluster on the evening of March 17, 2007. The Cluster configuration
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discussed above was suited for studying the spatial scale of the jets trans-
verse to the flow direction. Many jets were observed simultaneously by at
least two Cluster spacecraft, so their minimum size was of the order of the
spacecraft separation. The GOES-11 and 12 observations from the geosta-
tionary orbit showed corresponding magnetic field enhancements mainly
for the spacecraft that was directly Earthwards of Cluster. We thus in-
ferred that the jets were typically smaller than the GOES separation of
6 R transverse to the Xgsg axis. Most certainly the jets did not have a
global spatial scale like, e.g., the foreshock bubbles do.

The main contribution to the jet speed came from Vx. The deflection,
i.e., the sign of V3 and V, varied from one jet to another. These velocity
characteristics support the mechanism proposed in

Most of the jets had a dynamic pressure between two and four times the
solar wind value, in agreement with Equation (£2]) and much larger than
the pulses caused by RDs in the simulations of ILin et all [1996a/b]. In a few
cases, the pressure was as high as 5-7 PnyX . These extreme pulses coincided
with density increases, possibly caused by convergence of the flow coming
from different parts of the ripple or plasma piling up into a magnetopause
indentation.

Archer et all [2012] reported the magnetosheath dynamic pressure pulses
to occur at 3-5 min intervals. [Sibeck et al) [1989] studied 8-min variations,
although it should be noted that they studied the possible transmission
of foreshock pressure enhancements into the magnetosphere and not the

pressure pulses in the sheath. In the event studied in and

the jets do not appear strictly periodic. Rather, they seem
to occur in bursts of larger and smaller jets. However, this may be the

effect of one jet being sampled by a spacecraft several times when the jet
moves in the magnetosheath.

One of the main features that sets the March 17, 2007, event aside from
the jets and pressure pulses reported by the other authors |Shue et al.,
2009; |Amata et al), [2011; [Savin et all, 2008, 2011; |Archer et all, 2012] is
the strength of the jets. Many of the jets had a Myg > 1.5 while those
reported by others were only mildly supermagnetosonic or simply fast. The
key difference could be the solar wind speed that was higher on March 17
than in the other events.

4.2.3 Magnetospheric effects

One of the goals of was to study how the effects of jets were
transmitted into the magnetosphere. Starting with the magnetopause, the
high dynamic pressure of the jets provided an effective way to perturb its
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Figure 4.7: Tonospheric convection pattern fitted into the SuperDARN mea-
surements. The maps are in magnetic coordinates and the Sun is to the top,
dawn to the right, and dusk to the left in each panel. The maps represent
the flow pattern with 2-min integration time at 18:20-18:22, 18:24-18:26,

and 18:28-18:30 UT. Adapted from

shape. The magnetopause moved back and forth across the Cluster space-
craft as the jets pushed it Earthwards. Since the Cluster configuration
was flat in the nominal magnetopause plane, it was not possible to mea-
sure the depth of the indentations. |Shue et all [2009] reported using the
THEMIS pearls-on-a-string configuration that the depth of an indentation
caused by a mildly supermagnetosonic jet was of the order of 1 Rg. Thus
the indentations in the March 17, 2007, event were probably deeper.

Even though we and the other authors have found magnetopause recon-
nection very unlikely as the cause of the high speed jets, local small-scale
magnetopause reconnection as their consequence would not be surprising.
It is quite plausible that the high dynamic pressure jets directed at the
magnetopause and causing severe perturbations may also trigger small re-
connection events.

Inside the magnetosphere, we considered data from the GOES-11 and
12 satellites in the geostationary orbit. They measured irregular pulsations
when they were on the dayside during the period of radial IMF. We used
the time interval that corresponded with the Cluster magnetosheath obser-
vations to determine the spatial scale of the jets as discussed in the previous
section.

To investigate the ionospheric response to the magnetosheath jets, we
examined the SuperDARN radar measurements of the ionospheric flow ve-
locities. We identified localised and short-lived (on average ~5min) en-
hanced convection flow channels in the dayside polar ionosphere. Their
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location and timing—each about 5 min after an intense jet—suggested that
they were caused by the magnetosheath jets.

Figure L7 shows an example of such flow enhancement. The high speed
flow started to appear at 18:20 UT in the region just Northwest of Hudson
Bay. The flow channel was at its widest at 18:24 UT and there was an in-
dication of a counterclockwise flow vortex. At 18:28 UT the flow signature
had disappeared. We also examined the magnetometers of the CARISMA
and CANMOS chains located under the field-of-view of the particular Su-
perDARN radar recording the main enhancement of Figure L7l The mag-
netometer data showed perturbations with a strength of 50-100 nT typical
to mesoscale dayside variations [e.g., [Kataoka et al., 2001/, 2003] agreeing
with the radar observations.

Interestingly, the ionospheric flow enhancements reported in[Paper 1V|
had several properties in common with ionospheric Travelling Convection
Vortices (TCVs) and the related Magnetic Impulse Events (MIEs)
[Kataoka et al), 12001, [2003]. In particular, statistical studies
[e.g., Sibeck and Korotova, 1996; Kataoka et all, 2003] show that the
MIE/TCV occurrence has a preference for radial IMF orientation.
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Chapter 5

Conclusions and Outlook

In this thesis we have investigated the dynamic surroundings of space
plasma shocks: parallel and perpendicular geometries and their interplay;
particle acceleration in a system involving them both; foreshock region
on the upstream side and magnetosheath region on the downstream side.
The key method has been the utilization of multi-point, multi-instrument
observations to form a coherent interpretation of the event and a deeper
understanding of the physics.

[Paper 1| and [Paper Il addressed particle acceleration in shock—shock
interaction—a fundamental acceleration mechanism that often takes place
in astrophysical environments but that is very rarely seen in situ. The
search for an explanation of the peculiar energetic particle observations at
Geotail led us to a detailed analysis of a shock—shock interaction event with
the best spacecraft coverage reported so far. The novel result was the first
in situ observations of the particle release at shock collision, further verified
with a simulation study.

In [Paper IT]] we investigated a class of transient phenomena in the
magnetosheath: Earthward directed jets with a high speed unexpected for
the subsolar region. Based on the detailed multi-spacecraft observations by
Cluster we proposed a formation mechanism for the jets whose source had
remained unexplained. We inferred a connection between the rippling of
shock fronts evident in many observations and simulations and the struc-
turing of the downstream region. The mechanism provides a mesoscale
description for a process that is inherently connected to the kinetic scale
interactions in the foreshock.

In the following study of on the properties of several jets
we found that they agree well with the proposed mechanism. We further

investigated the possible role of the high dynamic pressure jets in the solar

47
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wind-magnetosphere interaction and found that their effects could be seen
in the magnetosphere all the way to the ground magnetometers.

In the immediate future it easy to see improvements to the numeri-
cal model we used in a fully three-dimensional version, MHD
background fields, and scattering using wave-observation-based mean free
paths. The model was indeed able to reproduce the main features of the
observed profiles and enforce the particle release scenario, but the final
peak flux was not as high as observed. Implementation of scattering could
remedy this, and also allow comparison with Interball observations deep in
the foreshock. Scattering would probably also be a necessary ingredient in
a model addressing shock—shock interaction at larger scales (e.g., ICME—
CIR interaction or CME-CME interaction), where the magnetic connection
between the shocks can be maintained for a longer time.

According to the Interball measurements, the enhanced particle accel-
eration resulted in a severe decrease in the foreshock magnetic pressure.
As interplanetary shocks frequently impinge on the bow shock, a statistical
study could be conducted to see how often such a diamagnetic cavity forms,
how deep, and how it affects the IP shock propagation. On a more general
level, the recent and possible future missions with imaging instruments,
such as IBEX |[McComas et all, 2009] and AXIOM [Sembay et al!, 2012,
and the references therein|, provide intriguing possibilities for the study of
IP shock-bow shock interactions.

Since the proposition of the formation mechanism in the
interest in magnetosheath jets has considerably increased. Other triggers
have been proposed, but the local structure of the quasi-parallel shock plays
a role in all of them. It would seem likely that although rotational discon-
tinuities trigger formation of dynamic pressure fronts, the local rippling
of the quasi-parallel bow shock breaks the fronts into smaller pulses. For
steady radial IMF conditions, the rippling is probably sufficient by itself.

Clearly the future studies on the jets and their relation to other dayside
transients (HFAs, foreshock bubbles, etc.) require a statistical approach.
In the four years (2008-2011) of THEMIS data, 126 high speed jets with
Pyyn = 1.5 PC%}XY can be identified within the subsolar magnetosheath [Fer-
dinand Plaschke, personal communication|. The set of jets shows a strong
preference for small IMF cone-angles. Further analysis of this data set
will provide valuable information not only on the jets themselves but also
on the solar wind conditions favourable for the their formation. Com-
bined with magnetospheric and ground-based observations, the connection

to MIEs/TCVs suggested in can be studied as well.
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