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Abstract

Interplanetary shocks are one of the crucial dynamic processes in the Heliosphere. They accelerate particles
into high energy, generate plasma waves and could potentially trigger geomagnetic storms in the terres-
trial magnetosphere disturbing significantly our technological infrastructures. In this study, two IP shock
events are selected to investigate the temporal variations of the shock parameters using magnetometer
and ion plasma measurements of the STEREO A and B, the Wind, and the ACE spacecraft. The shock
normal vectors are determined using the minimum variance analysis (MVA) and the magnetic coplanarity
methods. During the May 07 event, the shock parameters and the shock normal direction are consistent.
During the April 23 event, the shock parameters do not change significantly, however, the shape of the IP
shock appears to be twisted along the transverse direction to the Sun-Earth line. STEREO B does not
observe the IP shock signatures during this event.

keywords: Interplanetary shock, Solar wind: space plasma, Heliosphere.



Acknowledgements

First of all, I would like to thank my supervisor Dr. Gabor FACSKO for all his support and guidance. I
am also grateful to the Department of Space Physics and Space Technology, Wigner Research Centre for
Physics for their support, accepting me as a Wigner trainee and as one of them. I am thankful to all of
my professors and the Institute of Physics, Eotvos Lorand University. Finally, I would like to thank the
Stipendium Hungaricum scholarship for all the opportunities.



Contents

(I__Introduction|

2 Basics of Magnetohydrodynamics

[3 The Solar and Heliospheric Physics|
B TheSunl . . . . . . o o e
[3.2  The Solar Wind and The Interplanetary Magnetic Field. . . . . . . ... ... .. ... ..
[3.3  Interplanetary shocks| . . . . . . . ...
[3.3.1 Classifications of Interplanetary (IP) shocks| . . . . . .. ... ... ... ... ...

[4  Analysis methods|

[4.2.1  Minimum Variance Analysis| . . . . . . . ... ... Lo
[4.2.2  'The Magnetic Coplanarity method| . . . . . . . .. ... ... ... ... ......
4.2.3 The Utilization of the Methods . . . . . . .. .. ... ... ... ... ...

.1 May 07, 2007 Event|. . . . . . . . . .
(6.2 April 23, 2007 Event| . . . . ...

[6 Summary and conclusions|

[Bibliography|

10
10
12
14
17

19
19
19
21
23
24
24
25
26
26
28
30

36
36
43

52

53



Chapter 1

Introduction

The solar corona is hotter than the layers beneath it. As a result, electrons are constantly knocked off
their nuclei to form a constantly moving gas, known as the solar wind. Historically, the existence of the
solar wind was predicted by astrophysicist Eugene N.Parker and the term was coined by him based on
the observation of how the comet tail always points away from the Sun by German astronomer Ludwig
Biermann (E. N. Parker, 1958), (Biermann, 2013). The existence of the solar wind was confirmed by
the Mariner 2 spacecraft (Snyder & Neugebauer] [1965). The solar wind is a fully ionized collisionless
plasma and is both supersonic and super-Alfvenic. Shock is a transition region between supersonic to
subsonic. So, fast moving solar wind has a tendency to create a shock on its journey. Hence, interplanetary
shocks are common through the Heliosphere. There are a few varieties of shocks such as planetary bow
shocks, shocks that are risen due to the stream interaction regions (SIR), which is called co-rotation region
(CR) when extend beyond 1 AU and coronal mass ejection (CME) driven shocks. IP shocks are one
of the main and efficient accelerators of energetic particles (Tsurutani & Lin, [1985), (Keith & Heikkila,
2021). These accelerated particles can cause disturbances to the geomagnetic field and are hazardous to
astronauts and satellites. (IP) shocks driven by (CMEs) precede large geomagnetic storms (Gonzalez et
al 11994)). Large geomagnetic storms can damage oil and gas pipelines and interfere with electrical power
infrastructures. GPS navigation and high-frequency radio communications are also affected by ionosphere
changes brought on by geomagnetic storms (Cid, Palacios, Saiz, Guerrero, & Cerrato, 2014)) and can cause
internet distruptions around the world for many months (Jyothi, |2021)).

Therefore, IP shocks are important in determining and understanding space weather. The IP shock
normal vector can demonstrate how shock propagates through the heliosphere. Thus, the shock normal
vector determination is vital.

The main goal of this thesis is to study and determine IP shock normal vectors and how they vary
in their temporal evolution. There are several methods for determining the shock normal vector. In this
thesis, the minimum variance analysis (MVA) and the magnetic coplanarity method are used. These
two methods are primarily utilized because they require solely magnetic field data. The data are from
the STEREO A and B, the Wind, and the ACE spacecraft. In the spacecraft, the resolutions of the
magnetometers are much higher and more precise than that of the plasma instruments. So, any agreement
between the two methods indicates relatively accurate shock normal vectors. Here, two events are studied,
one is May 07, 2007, and the other is April 2. The data selection year, 2007, is special because of location
wise it was the year when twin STEREO A and B spacecraft were closer to the Sun-Earth line until their
gradual separation from each other in the following years. Hence, shocks during this period are proper
to study shock propagation and their temporal developments. Chapter 2 discusses the basics of plasma
physics and magnetohydrodynamics, which are the governing equations of these heliosphere phenomena.
Chapter 3 presents a brief description of the Sun, the solar wind, and the interplanetary magnetic field.
Chapter 4 is about instrumentation, database, and methods. Chapter 5 discusses the results.



Chapter 2

Basics of Magnetohydrodynamics

2.1 Plasma

The term plasma for this state of matter was coined by Irvin Langmuir after its similarity with the blood
plasma carrying white and red cells (Tonks| [1967)). A plasma is a gas of charged particles made up of an
equal number of free carriers for positive and negative charges. Having nearly the same number of opposite
charges ensures that the plasma appears quasineutral from the outside. Free particle carriers mean the
particles inside a plasma must have enough kinetic (thermal) energy to overcome their nearest neighbors’
potential energies, which means a plasma is a hot and ionized gas. There are three basic criterion for a
plasma (Baumjohann & Treumann| 2012))[1-4].

The first criterion is a test-charged particle is clouded by its opposite-charged particles, canceling the
electric field of the test particle. This is known as the Debye shielding and its length is defined as follows:

EOkBje
AD = 4 / 2.1
b neeQ ’ ( )

where ¢, is the free space permittivity, kg the Boltzmann constant, T, = T; the electron and ion temper-
ature and n, the plasma density. To ensure the quasineutrality of a plasma, the system length must be
greater than the Debye length

L >> \p (22)

The second criterion is since the Debye shielding results from the collective behavior of particles inside the
Debye sphere with the radius Ap, the Debye sphere must contain enough particles

A=nA} >>1 (2.3)

which indicates the mean potential energy of particles between their nearest neighbors must be less than
their mean individual energies.

The third criterion is the collision time scale of the system is greater than the inverse of the plasma,
electron, and ion cyclotron gyrofrequencies.

T>>w 07O (2.4)

By solving each particle, plasma dynamics can be described, but this approach is too difficult and
inefficient. Therefore, there are certain approximations, depending on the corresponding problems. Mag-
netohydrodynamics is one of such approximations that instead of taking account of individual particles,
the plasma is assumed as a magnetized fluid.



Temporal Development of Interplanetary Shocks in the Heliosphere

2.2 The Single Fluid MHD

In this section, the magnetohydrodynamics (MHD) equations are briefly introduced without too much
detail and derivations. The following formulizations are based on (Baumjohann & Treumann) 2012))[138-
158], (Murphy}, 2014), (Freidberg, 2014) and (Jr., 2019). Magnetohydrodynamics (MHD) was developed by
Hannes Alfvén (Davidson, 2002). MHD equations are the result of coupling the Navier-Stokes equations
(the fluid equations) to the Maxwell equations. In the MHD, the plasma is treated as a single fluid
with macroscopic parameters such as average density, temperature, and velocity. Since plasma consists
of generally two species of particles, namely electrons and ions, the different species should be handled
together. Hence, the single fluid approximation is utilized. The single fluid variables are defined as follows:
Mass density, considering m, << m;:

Pm = NeMe + Nimy; &= m;n (2.5)
Momentum density:
Pl = NeMele + MU X Py (2.6)
Current density:
J = neqeue + nigiu; = en(u; — uy) (2.7)
Total pressure:
P=P +P (2.8)

By using the single fluid variables, the single fluid MHD equations can be defined as follows:
The continuity equation for the mass density:

Opm .
n A p¥) = 2.
5 + V- (pm?) =0 (2.9)
The momentum equation:
I(pm
<pat”> YV (ppov)=-V-P+pE+JXB (2.10)

,where p. denotes the charge density.
The generalized Ohm’s law:

1 1 e 07
E+vxB=nJ+—JXB——V-P, 4<% (2.11)
ne ne ne? ot
where 7nJ is resistive term
Ampere’s law:
oF
V x B= ,qu + UQEOE (212)
Faraday’s law:
0B
VXE=—— 2.13
And finally, the magnetic field divergence constraint:
V-B=0 (2.14)
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The MHD approximations are valid when the characteristic speeds of the system is much slower than the
speed of light,

v<<c (2.15)
the characteristic frequency,w, must be smaller than the ion cyclotron frequency

w << W (2.16)
the characteristic scale length of the system must be longer than the mean free path of ion gyroradius

L>ry (2.17)

the characteristic scale times must be larger than the collision times as stated in equation [2.4]

2.3 MHD wave modes

Plasma is considered as a highly conductive fluid, which consists of charged particles. Therefore, MHD
waves in plasma fundamentally arise from two distinct wave speeds: the sound speed of a fluid and the
Alfvén speed, which is due to the magnetic field pressure and tension. Their combination gives rise to the
magnetosonic waves. Thus, in MHD there are three wave modes—namely slow magnetosonic, the shear-
Alfvénic and the fast magnetosonic waves (Fitzpatrick, 2014]) in addition to the sound wave, as seen in

Figure 2.1]

—

fast wave

s

shear-Alfvén wave

slow wave

2 —
Figure 2.1: Phase velocities of the three MHD waves. The Figure is taken from (Fitzpatrick, 2014)

The derivation of the waves can be obtained from the linearized MHD dispersion relation.
The sound wave is due to a compressible fluid and the wave is longitudinal. The sound speed is defined

as:
T
SN Ll (2.18)
my;




Temporal Development of Interplanetary Shocks in the Heliosphere

where, v is the polytropic index and in space plasma, it is in the range 1 < v < 5/3 (Pasachoff et al.
2014)), kp is the Boltzmann constant,T" is temperature, m; is mass of a particle species. And the Mach
number, a ratio of flow to the (thermal) sound speed

2
M, = ,/;ZZT (2.19)

The shear Alfvénic wave is incompressible and transverse. The Alfvén speed is defined as follows:

B2
V=4 — (2.20)
Hop

here f—j is the magnetic pressure and p is density.
Similarly, the magnetic Mach number, which is defined as a ratio between the flow speed and the Alfvénic
speed, is defined as follows:

Vflow
My =—— 2.21
A= (2.21)
The magnetosonic waves are as follows:
1 20
Cr=5(C2 4+ V) ll + <1 - 4%)} (2.22)
, where b term is as follows:
Cs VA
b= —+—=—>2 2.23
Va + C, — ( )

The equation has two roots. The root containing (4) is the fast magnetosonic wave while the one
containing (-) is the slow magnetosonice wave.

When V4 >> V,or Vg >> Vy in as well as the wave propagation direction is nearly perpendicular to
the magnetic field (cos?f << 1), the slow magnetosonic wave speed becomes as follows:

CIVi

CZ, = cos’0 A
@V

(2.24)

while the fast magnetosonic wave is simplified as follows:

Cos = 1/ C2+ V2 (2.25)

from the fast magnetosonic Mach number is defined as

M, = — (2.26)

2.4 MHD discontinuities

When plasmas of different properties collide, they reach equilibria, resulting in the boundaries separating
adjacent plasma regions (Baumjohann & Treumann, 2012). These boundary regions are called disconti-
nuities, and in astrophysics, heliopause and magnetopause are examples of these discontinuities. Through
discontinuities, the field and plasma parameters change abruptly, but these sudden changes satisfy a few
conditions, namely the jump conditions. To derive the jump conditions, it is suitable to integrate the

6
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conservation laws across the discontinuity. So, it is better to write the single fluid MHD equations in
conservative form, assuming that at the two sides of the discontinuity an ideal single-fluid MHD holds.
Following some notations and derivations of (Baumjohann & Treumann, [2012))[8], the ideal single-fluid
MHD equations in conservative forms are defined as below:

d(pv)

o +V.

240 Ho

(pvv) + (P + B;2I> — i(BB)] =0, (2.27)

where P the plasma pressure, B the magnetic field magnitude, B the magnetic field vector, o the vacuum
permeability and I the identity tensor.

The induction equation:

aa—f =V X (v X B) (2.28)

The divergence of the magnetic field:
V-B=0 (2.29)

The energy conservation equation:

V-{p’u EinLw—F%(valj—jﬂ —i(v-B)B}zo, (2.30)

where for slowly variable fields 107 =V X B and the ideal Ohm’s law £ = —V X B are implemented as
well as neglecting charges pFE = 0, and w = % is the internal enthalpy.
For completion, the equation of state is set:

P =0pI (2.31)

Choosing a co-moving reference frame with discontinuity, a steady-state situation is assumed that all
the time-dependent terms are canceled, leaving the flux terms in the conservation laws. A discontinuity
causes the plasma parallel to the discontinuity to stay the same while the plasma perpendicular to the
discontinuity changes. For these reasons, a two-dimensional function S(x)=0 can be used to characterize
the discontinuity surface, and the normal vector to the discontinuity, n, is defined as follows

\)

~ 75 (2.32)

n —=
To the direction of the m the vector derivative has only one component V = n(a%). After these con-
siderations, integrating over the discontinuity for the flux terms has to be done. Remembering only
two perpendicular sides of the discontinuity contribute twice to the integration, a quantity X crossing S
becomes
0X 20X

where [X] indicates the jump of a quantity X. Now replacing the conservation laws of the ideal one-fluid
MHD with the jump conditions, the Rankine-Hugoniot conditions are defined as follows:

n-[pmv] =0 (2.34)
B? 1
n-[ppov] +n {p + 2—/@} — %n -[BB] =0 (2.35)
mXxvXxB]=0 (2.36)
n-[B] =0 (2.37)
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[pmn-v{g—kw—l—%(p—i-B—z)}—i(U'B)n'B]:O (2.38)

Ho Ho

From the equations above, the normal component of the magnetic field is continuous across all disconti-
nuities, which leads to its jump condition being vanished.

(B, =0 (2.39)
Also normal direction mass flow is continuous:
[Pmtn] =0 (2.40)

Splitting the fields between the normal and tangential components, the remaining jump conditions are
derived:

PmUn[Un] = — D+ 2B—:0 (2.41)
PmUn|ve] = %[Bt] (2.42)
By[vi] = [v,By) (2.43)

where subscript ¢ and n denote normal and tangential components respectively. The equations and
demonstrate that the normal components of the magnetic field as well as the mass flow are constant
across the discontinuity. The Rankine-Hugoniot conditions give rise to four types of MHD discontinu-
ities (Baumjohann & Treumann, |2012), namely contact discontinuity, tangential discontinuity, rotational
discontinuity, and shocks as the values are defined in Table [2.1

The properties of MHD discontinuities
Discontinuity type | Normal Mass flux | Normal Magnetic field | Density
Contact v, =0 B, #0 p#0
Tangential v, =0 B,=0 p#0
Rotational v, # 0 B, #0 p=0
Shocks v, # 0 B, #0or B,=0 p#0

Table 2.1: Some properties of MHD discontinuities. The values are taken from (Oliveira, [2015)

Contact discontinuity is determined by the condition when there is no normal mass flow across
discontinuities, which means from the Rankine-Hugoniot conditions v,, = 0. When B,, # 0 or [B,| = 0,
the only quantity that experiences a change across the discontinuity is the density, [p] # 0. Due to these
constraints, the plasma on the two sides of the discontinuity are attached and connected by the normal
component of the magnetic field, As a result, they flow together at the same tangential speed. This is
known as the contact discontinuity.

Tangential discontinuity is when B, = 0 in addition to v, = 0, only non-trivially satisfied jump
condition is the total pressure balance in the equation [2.41], which indicates that a discontinuity is cre-
ated between two plasma with total pressure balance on both sides, and no mass and magnetic fluxes are
crossing across the discontinuity while all other quantities are changing. This is known as the tangential
discontinuity.

Rotational discontinuity is formed when there is a continuous normal flow velocity [v,] = 0 with a
non-vanishing B,, # 0 such that from the equations and the tangential velocity and the magnetic
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field can only change together, especially the equation indicates they rotate together when crossing
the discontinuity.

Shocks Unlike the previous three discontinuities, shocks are irreversible that the entropy increases
(Goedbloed, Keppens, & Poedts, [2019). And one of the main distinctive characteristics of shocks is
normal fluxes of the Rankine-Hugionot conditions take non-zero values, pv, # 0, and the density p is
discontinuous.

Consequently of having the three wave modes, there are corresponding three shocks — fast shock (FS),
intermediate shock (IS), and slow shock (SS) (Tsurutani et al., 2011)). When the fast wave speed is greater
than the upstream magnetosonic speed the fast shocks (FSs) are formed. Similarly, when the shear-
Alfvén wave speed is greater than the upstream Alfvén velocity the intermediate shocks (ISs) are
formed, and when the slow wave speed is greater than the upstream (thermal) sound speed the slow
shocks (SSs) are formed with their respective Mach numbers greater than at least 1.

The three MHD waves [2.3| are anisotropic, meaning their speeds depending on the angle between wave
propagation direction and the upstream (unshocked) magnetic field. An illustration of this is the Parker
spiral propagation of the solar wind such that the Interplanetary magnetic field hits, for example, the Earth
from the morning side, it creates parallel and perpendicular shocks with respect to the shock normal and
the upstream magnetic field B as shown in Figure

FORESHOCK

[(ON-
QUASI-PERPENDICULAR
SHOCK QUASI-PARALLEL

h

£ :

4;‘? EARTH
3
&

MAGNETOSPHERE

MAGNETOPAUSE ——»

Figure 2.2: The solar wind interaction with the Earth’s bow shock. The Figure is taken from (Oliveira),
2015)

Hence, depending on the shock normal angle 65, the shocks can be geometrically classified as parallel,
0, = 0°, perpendicular, 65, = 90° and oblique, 0° < 05, < 90° (Chao & Hsiehl [1984). In parallel
shock, the magnetic field remains unchanged by the shock while in the perpendicular case, both the
pressure and field strength are increased at the shock.




Chapter 3

The Solar and Heliospheric Physics

The Sun is the main source of energy for all lives on the earth as well as the main defining object of
the solar system dynamics. Like all other stars, the Sun has both inner complex dynamics as well as
interplanetary dynamics. The later dynamics are our main interest in this thesis work. In this chapter,
for the sake of completeness and to explain the origin of these tremendous dynamics, the inner structure
of the Sun as well as some important heliospheric activities are briefly discussed.

3.1 The Sun

Our star, the Sun, is a G2-V type (M. J. Aschwanden, 2014)) star. How the sun or in general stars work
is in a way of opposing forces between outward radiation fueled by nuclear fusion and inward pressure
dictated by the gravitational force. The radiative force is the product of the fusion of hydrogen atoms,
which constitutes about 75 %, into helium atoms, which constitute 25 % of the Sun. This process is a
thermonuclear reaction that requires the weak force, which is one of the fundamental forces in nature, via
turning proton into neutron.

Structurally, the Sun has the inner zones and the outer zones. The former consists of the Core, Radiative
Zone, the Interface Layer (Tachocline), and Convection Zone. The latter consists of the Photosphere, the
Chromosphere, the Transition region, and the Corona as shown in Figure [3.1]

10
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Internal structure:

core
radiative zone Subsurface flows

convection zone

oy Photosphere

/ ‘( y , r Sun spots

Prominence

Coronal Hole = :
— s -3 Chromosphere

TR

Corona

Figure 3.1: The layers of the Sun (nasa.gov)

The core of the sun is 25% of the solar radius (Garcia et al., 2007), the density is about 150g/cm?

(Basu, Chaplin, Elsworth, New, & Serenelli, 2009)) contains 34% of the Sun’s mass even though only
0.8% of the total volume, and it is the hottest part of the Sun that a temperature of 15 million kelvins
(Dr. David H. Hathaway| 2015). This is the zone where the thermonuclear reaction takes place. For the
radiative zone, it starts from the edge of the core to the Interface layer (Tachocline), and much of the
energy generated in the core is carried away by photons though photons take a million years to reach the
next layer due to the dense material of the region (Chemin| 2022).
The very next layer, the interface layer (Tacholine) is much of our interest because it is believed that the
solar magnetic dynamo originates in this very thin layer (Tobias & Weiss|, 2007) that magnetic field lines
can become stronger due to the changes in the fluid flow velocities crossing this layer. However, recent
radio observations of brown dwarf stars show that, despite not having a tachocline layer, they can have
similar magnetic strength and activities just like the sun, which indicates the convection zone may be
solely responsible for the solar dynamo , . Next, the convection zone is the outermost layer of
the inner zones and it extends about 200,000 km from the depth and the temperature is approximately
2 million kelvins (Christensen-Dalsgaard, Gough, & Thompson, 1991)), which makes the zone relatively
cooler for heavy ions to keep their electrons so that the zone is opaque to the radiation (Ortuno-Araujo,
Barranco-Jiménez, Zsargo, & Angulo-Brown| |2012), which in turns traps the heat and eventually the fluid
becomes unstable and start convecting. As a result, this layer is very turbulent (Brummell, Toomre, &/
Cattaneol, 1995)), which in addition to the rotational motion creates electric currents and magnetic fields,
and the gas pressure is much more dominant than the magnetic pressure in this region, and because of
this the magnetic field is dragged and twisted by the fluid, which then propagates passing through the
photosphere, chromosphere, the transition region up to the corona and creates a multitude of activities on
the surface of the sun called solar activity. In the photosphere, visible dark areas called sunspots appear
due to localized strong magnetic regions, which inhibit some of the heat from reaching the surface and
this makes the areas cooler than the other parts of the sun (Babcock & Babcock, [1955). Because of
the mentioned strong magnetic nature, the magnetic field lines around the sunspot often twist and cross,
causing a tension of energy that bursts in a sudden explosion called a solar flare (Chakraborty & Basak|
2022).

The corona is the hot and ionized outermost layer of the sun that it is millions of kelvins greater than
that of the surface of the sun (M. Aschwanden) 2006). The solar magnetic field confines much of the coronal
plasma, but some of the plasma spread with a supersonic speed into interplanetary space, which is called

11
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the solar wind. Sometimes the excessive release of the plasma occurs with the following magnetic field,
which is called coronal mass ejection (CME), which sometimes accompanies solar flares. These phenomena
and solar activities define space weather. The solar activities are cyclic, which is called the solar cycle,
and it is approximately 11 years (Center/SDO] [2015)), see Figure[3.2] Each cycle the magnetic field of the
sun flips, and the periods, in which, the sunspots are the greater in number are called solar maximum and
the lower in number are called solar minimum.

250 1|1 LI [ B e B B e e T T T T T T r ‘---‘-||"1 o
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- I 13-Month Smoothed S5N — | |
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Figure 3.2: The sunspot cycle over the last several decades. The image extracted from (Pasachoff et al.),
2014)

3.2 The Solar Wind and The Interplanetary Magnetic Field

The Sun ejects highly energized and ionized charged particles continuously in all directions, which is
the feature of the solar wind. The solar wind is a fully ionized collisionless plasma that it consists of
mostly equal amounts of protons and electrons with addition of negligible 3 to 6% helium (Neugebauer)
. As a result, the solar wind is a quasi-neutral plasma that whose characteristics can be defined
by magnetohydrodynamics (MHD). In MHD, Alfvén theorem states that in a fluid with high electric
conductivity the magnetic field line is frozen in it and moves along with it (Alfvén| [1942)). Since the solar
wind is one such fluid the Sun’s magnetic field lines are frozen in the flow that they are forced to propagate
with the solar wind (Roberts, 2007)), forming the interplanetary magnetic field (IMF). Depending on the
origination point whether in the coronal holes or the equatorial belt of the sun, the solar wind is classified
as the fast solar wind with a velocity of 750 km/s and the slow solar wind with a velocity of 400 km/s
respectively (Feldman, Landi, & Schwadron| [2005). The coronal holes are areas that appear dark in X-
ray images because these areas are much cooler and less denser than other regions (Cranmer] 2009)) and
the magnetic field around these areas does not loop back down, but extend into the interplanetary space
(E. Parker} [1959)), so the plasma can easily flow out, creating the fast solar wind. The coronal holes can
appear anywhere on the coronal areas during the solar maximum while they usually appear northern or
southern poles of the sun during the solar minimum (McComas et al., 2003)).

12
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Figure 3.3: Combined X-ray image of the sun’s active regions observed from several telescopes. High-energy
X-rays from NASA’s Nuclear Spectroscopic Telescope Array (NuSTAR) are shown in blue, low-energy X-
rays from Japan’s Hinode spacecraft are green, and extreme ultraviolet light from NASA’s Solar Dynamics
Observatory (SDO) is yellow and red, extracted from (NASA/JPL-Caltech/GSFC/JAXA]| 2015)

The expansion of the solar wind is a radial propagation away from the sun that it is diluted and cools
down on its journey. As seen from some observations the density of the solar wind decreases approximately
as r~2 while the temperature decrease is less significant about a factor of 20 (Baumjohann & Treumann),
2012). During the expansion of the radial flow, the sun rotates, which is 27 days on average, and because
the magnetic field lines are anchored in the sun, the radial flow looks like an Archimedean spiral called
the Parker Spiral. At 1 AU the spiral makes 45° to the Earth-Sun line, see Figure [3.4]

13
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EARTH'S
ORBIT
-

1 ASTRONOMICAL

Figure 3.4: Schematic representation of the Archimedes spiral structure of the interplanetary magnetic
field, figure extracted from (Bittencourt, 2004)

The solar wind travels throughout the solar system and defines the heliosphere the region in space
whose frontier is impeded by the interstellar medium. Consequently, the heliosphere is a giant bubble
whose center is the sun and protects the solar system from interstellar radiations and cosmic rays. The
size of the heliosphere is about 121 AU . At the boundary of the heliosphere, the supersonic
solar wind becomes subsonic because of its interaction with the interstellar medium and this turning point
is called the termination shock. Furthermore, due to the interaction the solar wind becomes turbulent and
this region is called heliosheath which is in between the termination shock and the heliopause, where the
solar wind is stopped by the interstellar medium.

3.3 Interplanetary shocks

The average interplanetary magnetic field strength is around 6 nT at 1 AU (Lowrie & Fichtner] 2020)
and considering the average speed of the solar wind, the solar wind is both supersonic and super-Alfvénic,
which means it is supermagnetosonic. As a result of this nature of the solar wind, when it collides with
celestial objects such as planets, moons, asteroids, and comets or its own slow flowing part, shocks are
formed just like how the aforementioned termination shock is created at the end of the heliosphere. The
main characteristic of shocks that can be found in interplanetary space to interstellar regions is a denser
state in contrast to the medium in which they propagate due to the shock formation. Furthermore, if
the celestial objects are magnetized, then the shock formations are more interesting. One such fascinating
magnetized object is our planet, the Earth. The Earth has its magnetic field, known as the magnetosphere,
which originated from its inner core via the dynamo effect , . The Earth’s magnetosphere
extends 60’000 kilometers in the Sunward direction while a million kilometers in the anti-Sunward direction
(Lakhina, Alex, & Rawat|, 2009). Such big extension is a common characteristic of all the magnetized
planets, and as a result of this extension, the cross-section of a planet is increased by a large factor.
For example for the Earth, the factor is 150 (Baumjohann & Treumann| 2012). Once the solar wind
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impacts the magnetosphere, it cannot easily enter the Earth’s magnetosphere because the interplanetary
field lines, which are frozen in the highly conductive solar wind plasma, cannot penetrate the Earth’s field
lines. Instead, the solar wind is slowed down and deflected around the magnetosphere (Baumjohann &
Nakamural, [2007)), creating a bow shock, see Figure

Magnetosheath

.‘in L]

Van Allen Belts

Solar-wind

“ plasma

Figure 3.5: Illustration of the Earth’s magnetosphere and its interaction with the solar wind. The figure
is extracted from (Kivelson & Bagenal, 2007)

As a result of the slowing down of the solar wind plasma, the kinetic energy of some of the particles
is converted into thermal energy, which occurs behind the bow shock, and this region is called the mag-
netosheath. The thin boundary region between two magnetic field lines is called the magnetopause. Bow
shock formation is common to all the planets and celestial objects (Mazelle et al., [2004).

15



Temporal Development of Interplanetary Shocks in the Heliosphere

SUN

Electron Heat Flux f

HMEH___H,J*’//)f;E
7

Magnetic
Cloud

Shock e
Plasma f Counterstreamin

Turbulen
She&ath

Earth

Figure 3.6: Hlustration of a CME event. The figure is taken from (NASA| 2017))

In addition, there are several other shocks, the previously mentioned termination shock, CME (the
Coronal Mass Ejection) shock, and CIR (corotating interaction region) shock. When a CME event occurs,
it moves faster than the background solar wind flow, resulting in a shock wave. The created shock waves
accelerate charged particles in front of them. So usually CMEs are the main cause of the solar energetic
particles (SEPs) (Cane & Lario|, 2006)), see Figure

Similarly to the CME cause shocks, when the fast solar wind flow catches the slow solar wind flow, the
so called co-rotating interaction region is formed and if the pressure gradient gets sufficiently large and
the speed difference surpasses the local speed shocks can arise (Heber, Sanderson, & Zhang, 1999), Figure

B.1
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Figure 3.7: Co-rotating interaction region. The Figure is taken from (]David Burgess|, |2017[)

3.3.1 Classifications of Interplanetary (IP) shocks

Armed with the above shock definitions and categorizations knowledge, now we can finally be able to
classify IP shocks. The IP shocks can be classified based on their travel directions with respect to the
solar wind frame of reference. If the shock is moving away from its driver, here the Sun is referred but
drivers can be detailed such as ICMEs, CIRs, etc, the shock is called forward shock (FS), and if it is
moving toward its driver, it is called reverse shock (RS). Adding the previous definitions of fast and slow
shocks, IP shocks are usually categorized as fast forward (FF), fast reverse (FS), slow forward (SF) and
slow reverse (SR) shocks (Berdichevsky, Szabo, Lepping, Vinas, & Mariani, [2000), see Figure
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INTERPLANETARY SHOCK SIGNATURE

{in spacecraft frame of reference)

Fast Forward [FF] Slow Forward [SF]

< O 4 Z
< O - Z

Time >

Fast Reverse [FR] Slow Reverse [SR]

< W 4 Z
< O -+ Z

Figure 3.8: Categorizations of IP shocks. N, T, B, and V denote number density, the proton temperature,
the magnitude of the magnetic field, and speed respectively. The Figure is from (WIND MFI Team Science,
2001)

As you can see from Figure [3.8] the solar wind plasma parameters — number density N, the proton
temperature T, the magnitude of the magnetic field B, and the bulk speed V parameters increase dra-
matically from upstream (unshocked) to downstream (shocked) regions in fast forward (FF) shocks while
the parameters except for the bulk speed decrease in fast reverse (FR) shocksﬂ In the case of slow for-
ward (SF) shocks, the parameters except for the magnitude of the magnetic field increase from upstream
to downstream whereas in the case of slow reverse (SR) shocks, the number density N and the proton
temperature T decrease while the magnitude of magnetic field B and the bulk speed V increasdﬂ

Within 1 AU, the most frequent IP shocks are fast forward (FF) shocks (Richter, Hsieh, Luttrell,
Marsch, & Schwennl [1985)

'In a sense of the reverse upstream to downstream in fast reverse (FR) shocks, the parameters except for the bulk speed
increase from reversed upstream to downstream

2Again in the sense of the reversed upstream to downstream in slow reverse (SR) shocks, the number density N and the
proton temperature T increase while the magnitude of magnetic field B and the bulk speed V decrease
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Chapter 4

Analysis methods

4.1 Instruments

In this thesis work, STEREO (Solar Terrestrial Relations Observatory) A and B, Wind and ACE (Advanced
Composition Explorer) spacecraft magnetic field and plasma data are used. In the following subsections,
the basic descriptions of each spacecraft, their orbits, and their instruments are mentioned.

4.1.1 STEREO A and B

The twin STEREO (Solar Terrestrial Relations Observatory) A and B spacecraft were launched on October
26, 2006, from Kennedy Space Center (M. L. Kaiser et al.; [2008)). In heliospheric orbit at 1 AU, STEREO
A (Ahead) leads while STEREO B (Behind) trails Earth. The two spacecraft separate at 44 degrees from
each other annually, see figure [4.I] This formation allows the stereoscopic image of the Sun from the
sun-earth axis angle in 3D. The purposes of the mission are to study the cause and initiation mechanisms
of coronal mass ejection (CME) and their propagation through the heliosphere, discover the sites and
procedures of solar energetic particles in the corona as well as the interplanetary medium, and construct
a three dimensional and time-dependent model of the parameters of the solar wind (M. Kaiser, [2005)).
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Behind @ -22°/vear
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Figure 4.1: Left panel shows the orbits of STEREO A and B relative to that of Earth. The right panel
shows the degree of separation of two spacecraft in years from their first launch period. The Figure is from
(M. Kaiser}, 2005)

The two spacecraft are each equipped with the complement of four scientific instruments, particularly
two instruments and two instrument suites, with a total of 13 instruments on each spacecraft. The com-
plements of the four instruments are as follows:

1. Sun-Earth Connection Coronal and Heliospheric Investigation (SECCHI)
2. STEREO/WAVES (S/WAVES)

3. In situ Measurements of Particles and CME Transients (IMPACT)

4. Plasma and Suprathermal Ion Composition (PLASTIC)

The SECCHI suite of instruments has two white light coronagraphs, an extreme ultraviolet imager,
and two heliosopheric white light imagers for tracking CMEs. S/WAVES instrument utilizes radio waves
to trace locations of the CME-driven shocks and the 3-D open field lines for the particles created by solar
flares. The PLASTIC instrument measures proton, the composition of heavy ions and alpha particles in
the solar wind plasma. The IMPACT suite of instruments consists of seven instruments, and three of
them are located on the 6-meter boom as shown in Figure while the others are in the main hull of
the spacecraft. IMPACT measurements protons, heavy ions, and electrons, and the MAG magnetometer
sensor in it measures the in situ magnetic fields in a range of £512nT" with 0.1 nT accuracy (M. L. Kaiser
& Adams, 2007)).
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Figure 4.2: Relative placement of the IMPACT boom on the STEREO (]Acuﬁa et a1.|, |2008[)

Unfortunately, multiple hardware issues affecting control of the spacecraft resulted in the loss of contact
with STEREO B on October 1, 2014 (STEREO Science Center, 2018)).

4.1.2 Wind

NASA’s Wind spacecraft was launched on November 1, 1994 (Wilson IIT et al., 2021). The Wind was
initially planned sent to L; Lagrangian point but was delayed to study the magnetosphere and lunar
environment. And after a series of orbital maneuvers, To study incoming solar wind that is about to

impact the Earth’s magnetosphere, Wind was deployed in a Lissajous orbit near the L; Lagrange point in
early 2004 (NASA WIND Spacecraft], 2020), see Figure
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Figure 4.3: Lagrangian points in the Sun-Earth system. (]NASA Solar System Explorationl, |2020[)

The object of the mission is to study solar wind plasma, magnetic field, and solar and cosmic energetic
particles. The spacecraft is equipped with the eight instruments such as Solar wind experiment (SWE),
3-D plasma (3DP), Magnetic field investigation (MFI), Solar wind/mass suprathermal ion composition
studies(SMS), Energetic particles: acceleration, composition transport (EPACT), Radio and plasma wave
experiment (WAVES), KONUS and Transient gamma-ray spectrometer (TGRS), see Figure 1.4, From
these instruments, Magnetic field investigation (MFI) and Solar wind experiment (SWE) are of interest
of this thesis work. The MFTI consists of two magnetometers at the 12 meter boom and measures vector
magnetic field up in a time resolution of 22 or 11 vectors per second for the calibrated high resolution data
and primary science data is in time resolutions of 3 seconds, 1 minute and 1 hour (NASA WIND Spacecraft),
. The SWE measures the solar wind key parameters such as velocity, density, and temperature.
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Figure 4.4: Configuration of the Wind instruments (Harten & Clark, |1995))

4.1.3 ACE

NASA’s Advanced Composition Explorer (ACE) spacecraft was launched on August 25, 1997 (Stone et
al., [1998)). The spacecraft is located at L; Lagrangian point same as the Wind spacecraft, see Figure
4.3l The general purposes of ACE are to gather and study particles originating from the sun, interplan-
etary or interstellar mediums, and the galaxy as well as to investigate the solar wind structures such
as ICMEs and magnetic clouds. The spacecraft is equipped with nine primary scientific instruments
and one engineering instrument such as Cosmic-Ray Isotope Spectrometer (CRIS), Electron, Proton, and
Alpha-particle Monitor (EPAM), Magnetometer (MAG), Real-Time Solar Wind (RTSW), Solar Energetic
Particle Tonic Charge Analyzer (SEPICA), Solar Isotope Spectrometer (SIS), Solar Wind Electron, Proton
and Alpha Monitor(SWEPAM), Solar Wind Ion Composition Spectrometer (SWICS) and Solar Wind Ion
Mass Spectrometer (SWIMS) and Ultra-Low-Energy Isotope Spectrometer (ULEIS), see Figure [4.5] The
MAG consists of a twin triaxial flux-gate magnetometers such that magnetometer sensors have between 3

and 6 vectors s~! resolutions for continuous observation of the interplanetary magnetic field (Smith et al.,
1998)).

23



Temporal Development of Interplanetary Shocks in the Heliosphere

Figure 4.5: Instruments of ACE spacecraft (Stone et al., [1998)

4.2 Methods

The following two methods are suitable for single-spacecraft measurements and both of them are based
on the divergence of the magnetic field, V - B = 0, constraint, and both of them use solely magnetic field
data. The following formalization, descriptions, and derivations are based on (B. U. Sonnerup & Scheible,
1998) and (Paschmann & Daly, n.d.).

4.2.1 Minimum Variance Analysis

The Minimum variance analysis technique was first developed by (B. O. Sonnerup & Cahill Jr, [1967). It
is based on the assumption that variations in the magnetic field would be observed when single-spacecraft
passes through a 1-DY| current layer or wavefront. Remembering the divergence of the magnetic field
constraint, V - B = 0, such that the normal component of the magnetic field must remain constant. If
such a normal direction can be found, then the variations in the magnetic field are zero or at the least has
a minimum variance. Thus, fi can be determined by the minimization of the following equation:

) 1 M
g :MZ_I

where B (m = 1,2,3...M) is the magnetic field in a time series data and B is the average magnetic
field.

'In reality, it is a 2-D or 3-D transition layer

2

(B"™ — (B)) -4, (4.1)
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Taking the account of the normalization constraint |fi|> = 1, on which minimization is conditioned,
and introducing a Lagrange multiplier, A, for utilizing the constraint, the solution of three homogeneous
linear equations can be found. The three homogeneous equations are:

a 2 ~ 12 _

0 (02 — \Jaf? - 1) =0 (42)

Gny

9 2 - 12
1) =
" (0 Alf| ) 0,

where ¢ is given by[4.1]and f is expressed in its three components, which are along X, Y, and Z coordinates.
After the differentiation procedures of |4.2| are done, the resulting sets of equations can be written in matrix
form :

3
Z M,,n, = An,, (4.3)
v=1

where the subscripts p and v indicate cartesian coordinates and M, is the magnetic variance matrix:
M,n, =< B,B, > —-< B, >< B, > (4.4)

with A being the eigenvalues with three possible values A;, Ay, and A3 with decreasing order. The eigenval-
ues have their corresponding eigenvectors 1, €2, and @3 of the matrix where they represent the directions
of maximum, intermediate, and minimum variance of the magnetic field component. The eigenvectors
corresponding to the smallest value of the \ eigenvalues are the shock normal vectors.

4.2.2 The Magnetic Coplanarity method

If two vectors that lie inside a coplanar surface can be determined, the normal to the coplanar surface can
be found.

The coplanarity methods are based on the magnetic coplanarity theorem, which stated that both sides
of the magnetic field vectors on the shock and the shock normal lie in the same plane. Similarly, the
velocity on both sides or, in another word, the velocity jump through the shock also lie in the same plane.
The upstream and downstream magnetic field and velocities satisfy the Rankine-Hugionot conditions. So,
there are multiple vectors lie in the shock plane, and the resulting constraint equations are as follows:

(Baown — Buyp) - =0 (4.5)

(Baown X Byy) -1 =0 (4.6)

(Bup X (Viaown — Vip)) - =0 (4.7)
(Baown X (Viaown — Vip)) -1 =0 (4.8)
((Bup — Baown) X (Vaown — Vip)) - 2 = 0, (4.9)

where the indexes up and down denote upstream and downstream, respectively. From and the
magnetic coplanarity normal is defined:

B B B
( down X up) X ( down up) (410)

— B
fl - :l: 9
Me |(Bdown X Bup) X (Bdown - Bup)|
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where the signs are arbitrary.
The magnetic coplanarity schematic illustration is shown in Figure [4.6]

Figure 4.6: The illustration of the magnetic coplanarity. The gray vertical line represents the shock layer.
The figure is taken from (Shan et al.| 2013)

Similarly, from [4.7] and the mixed modes for normals can be defined, respectively.
(BUP X (‘/down B ‘/up)) X (Bdown - Bup)

! |(Bup X (Vdown - ‘/uz?)) X (Bdown - Buz?)l ( )
~ (Bdown X (‘/down - %p)) X (Bdown - Bup)
? |(Bdown X (‘/down - ‘/up)) X (Bdown - Bup)| ( )
A 5 = 4+ ((Bdown - Bup) X (‘/down - ‘/up)) X (Bdown - Bup) (413)
|((Bdaum - Bup) X (‘/down - ‘/up)) X (Bdown - Bup)|

4.2.3 The Utilization of the Methods

By comparing the two methods, the upstream and downstream time intervals of the magnetic field mea-
surements are set. In this thesis work, as stated before the magnetic coplanarity method is used
out of the other coplanarity methods. To accept the intervals, there are some criteria to be put such
as the angle between the vectors defined by the minimum variance analysis (MVA) and the magnetic
coplanarity method must be less than 15° and the ratio between intermediate eigenvalue and the smallest
eigenvalue should be greater than 2 (Facsko et al. 2008) or the ratio between the smallest eigenvalue to
the intermediate eigenvalue should be smaller than 1/3 (Shan et al., 2013)).

4.2.4 Estimating the solar wind parameters

The following parameter estimations are based on this paper (Lumme, Kilpua, Isavnin, & Andreeova,
2017)
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Shock criteria:

The solar wind bulk speed jump should fulfill the following conditions:
Viown — Vup > 20 km/s for FF and Vi, — Viown > 20 km/s for FR (4.14)

And downstream to upstream ratios should fulfill the following ratios of upstream and downstream the
magnetic field, density, and temperature respectively:

Bd down Tdown 1
S >12 2o >1.2 d -2 > — 4.15
Buy = N = A T =9 (4.15)
Shock theta:
This is the angle between the normal vector n and the upstream magnetic field lines:
B, -1
Op, = cosl( —r ) (4.16)
| Byl
Shock speed:
The shock speed in the spacecraft frame of reference:
Nup‘/u _ Ndown‘/doum
Vshz‘ r 21 -ﬁ‘ (4.17)
Ngown _ Npp
Upstream sound speed:
T,+T,
cer =< g > (4.18)
myp

where m,, is the proton mass, 7}, and 7, are proton and electron temperature. In the solar wind, the
electron temperature at 1 AU is assumed to be ~ 140,000 K (Newbury}, 1996)).

Upstream Alfvén speed:

Vi — <—B > (4.19)
V MONpmp

where 11 is the magnetic vacuum permeability, N, is the proton density and m,, is the proton mass.

Upstream magnetosonic speed:

The equation is used for here

Upstream plasma beta:

Bup _ <2MOkBNg(jp + Te) > (420)
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Alfvén Mach number:

_ |V:Lp D+ V§h|
VP '

M, (4.21)

where V,,, is the upstream velocity, Vs, is shock speed and V4" is the Alfvén speed. The reason for £V,

is a Galilean coordinate transformation to the shock rest frame. The sign 4 is depend on FF shock, for
which (-) or FR shock, for which (+).

Magnetosonic Mach number:

Similarly to the Magnetosonic Mach number is defined as follows:

Vi - £ V|

Mms ?
Cms

(4.22)

where C}'? is the magnetosonic upstream speed.

4.3 Data

There are several steps for data acquiring process. First of all, for the purpose of determining the propaga-
tion of a shocks, shocks occurred in a single day are needed. For this purpose, shock candidates are chosen
from the shock lists in the Database of Heliospheric Shock Waves maintained at University of Helsinki
http://www.ipshocks.fi/| as shown in Figure [4.7]

’P”?DEkE E Database  Documentation  Publications

Comprehensive database of figiEigalElals IR glelol &S

1970s
ACE
Wind
STEREQ-A
STEREO-B
Helios-A
Helios-B
Ulysses
Cluster
DSCOVR
Voyager-1

Voyager-2

OMNI

-
Figure 4.7: Identified shocks detected by the spacecraft in the list

For the event selection the year 2007 is chosen for the reason that STEREO A and STEREO B were
closer to each other as well as to the Sun-Earth line. Hence, the two events are from this year, particularly
on May 07, 2007, and April 23, 2007. In the first event, May 07 of 2007, the selected spacecraft are
STEREO A, STEREO B, and Wind, while for the second event, April 23, 2007, the spacecraft are
STEREO A, ACE, and Wind. After choosing the shock candidates, the shock data are downloaded from
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NASA’s Coordinated Data Analysis Web (CDAWeb) https://cdaweb.gsfc.nasa.gov/. The STEREO A and
B magnetic field observation and the plasma data were obtained from the STEREO In-situ Measurements
of Particles and CME Transients (IMPACT) magnetic field experiment (Luhmann et al. 2008)) with the
time resolution of 100 ms and the STEREO PLAsma and SupraThermal Ion Composition (PLASTIC)
(Galvin et al., |2008)) respectively. The magnetic field and the plasma data of the STEREO A and B are
in the RTNE| coordinate system. The Wind magnetic and plasma data were obtained from the Magnetic
Field Investigation (MFI) instrument (Lepping et al., 1995) with a time resolution of 3 sec and The Solar
Wind Experiment (SWE) (Ogilvie et al. [1995)) with a time resolution of 1 min respectively. The magnetic
field and the plasma data of the Wind are in the Geocentric Solar Ecliptic System (GSE)| coordinate
system. The Advanced Composition Explorer (ACE) magnetic and plasma data were obtained from the
ACE Magnetic Field Experiment (MAG) (Smith et al., 1998) with a time resolution of 1 sec and the Solar
Wind Electron Proton Alpha Monitor (SWEPAM) (McComas et all [1998) with the time resolution of
64 sec, respectively. The magnetic field and the plasma data are in both the RTN and GSE coordinate
systems.

After obtaining the data, the coordinate system transformation is performed in such a way that all the
coordinate systems are changed to the Heliocentric Earth Ecliptic (HEE)El coordinate system, To transform
from the RTN and the GSE coordinate systems to the HEE coordinate system, TREPS (Transformation
de REperes en Physique Spatiale) online tool is used. The TREPS tool, which is developed by the CDPP
the national data centre in France for the solar system plasmas, is based on SPICE kernels created by
NASA/NATF. Its use is simple, with a 4-step process, which includes importing data, selecting the original
coordinate system of the data and a coordinate system to transform, see Figure choosing how the
transformed vector should be exported, and finally, exporting the transformed file (Génot et al., |2018).

TREPS
o7

TREPS - Coordinate and Time Transformations

" Kernel Version: 1.8.1

’

Step 2/ 4 - Transformation Definition

Coordinate systems selection [~ About TREPS Tool
TREPS tool by CDPP

Space physics coordinate and time transformation tool.
Reference paper: hitps.//doi.erg/10.1016/).pss.2017.06.002

Source Data (Total records : 7200) (7] % Time Field Q Kernel version - 1.8.1
Coordinate systems list

Field_0 Field_1 Field_2 Field_3 Field_4

Source system GSE - Geocentric Solar Ecliptic ~  Destination system: | HEE - Heliocentric Earth Ecliptic | b ‘

Time format: I1SO 8601 with mls - [YYYY]{MM]-[DD]T[hh ~ « 67PCG_CSO - Comet solar orbital centered on comet churyumov

2007-04-23..  4.60900 -1.48700 352500 -2.57000 ~ gerasimenko

« 67PCG_EME - J2000 centered on comet Churyumov Gerasimenko
2007-04-23. . 455200 -1.37900 3.49000 257700 + CPHIO - Callisto Phi-Omega
2007-0423... 451100 -1.45200 3.38400 -2.60500 Vectors Definition o . g'n'ASE* %ﬂ!‘e ‘"‘:ﬂ“ﬂd‘g" C"l"'d'”a‘e System

. - Deimos Mean Equator
2007-04-23...  4.47000 -1.49200 3.34200 -2.56500 S (= T « DSE - Deimos-centric Solar Ecliptic

emoves nf ) « ECLIPDATE - Earth Mean Ecliptic and Equinox
2007-04-23...  4.46700 -1.44600 320900 -2.75000 « ECLIPJ2000 - Ecliptic coordinates based upon the J2000 frame
2007-0423 . 436500 -1.45900 309100 271400 Comp. 1 Comp. 2 Comp. 3 Pos. « EME - Earth Mean Equator and Equinox
2 3 4 ~ « ENIS - Enceladus Inter-action coordinate System

2007-04-23.. 436600 -1.35900 3.13600 271700 « EPHIO - Europa Phi-Omega
2007-04-23...  4.42600 -1.47600 3.08000 -2.81400 * GPHIO - Ganymede Phi-Omega

« GRIGGSKELL_CSO - Comet solar orbital centered on GRIGG-
20070423 456100 -1.26700 3.17400 -3.02100 SKJELLERUP comet
P M 1o 130700 311900 316400 « GRIGGSKELL_EME - J2000 centered on GRIGG-SKJELLERUP comet

e o g - « GSE - Geocentric Solar Ecliptic
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Figure 4.8: TREPS interface, showing a transformation from the GSE to the HEE coordinate system. The
green colored column denotes the time field and the other three colored columns denote XY and Z vector
components

2it is the spacecraft coordinate system and R is radially outward from the Sun, T is along the planetary orbital and N
is northward direction

3X-axis is pointing to the Sun from the Earth, Y-axis is in the ecliptic plane against the planetary motion and Z-axis is
northward direction

4In which the X-axis is toward the Earth from the Sun, Z-axis is northward direction. This system is fixed with respect
to the Sun-Earth line
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4.3.1 Data observations

With the visual inspection of the magnetic field and plasma data, the shock occurring times are determined
for each spacecraft data of each event. And from the plots, The shocks detected by the spacecraft in each
event are believed to be propagation of the same shock due to their timing and the similarities of the
magnetic field and plasma data profile with one another. The following case studies of two events are
not orderly defined for one another. I firstly analyzed May 07, 2007 event and then April 23, 2007 event.
Hence, the order follows this fashion.

May 07, 2007 event:

On this day, the Wind spacecraft first detected the shock at 07:02:30 am. The magnetic field and the
plasma plot are shown in Figure [4.9]

The Wind spacecraft: FF shock May 07, 2007
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Figure 4.9: The plot of the shock detected by the Wind spacecraft on May 07, 2007, at 07:02:30 am. The
panels show from top to bottom, the magnetic field magnitude as well as its components, the total velocity
and its components, density, and temperature. The dashed red line represents the exact shock time. The
duration of the plot is 2 hours.

The STEREO A spacecraft detected the shock at 08:11:30 am. The magnetic field and the plasma plot
are shown in Figure [£.10]
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STEREO A spacecraft: FF shock May 07, 2007
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Figure 4.10: The plot of the shock detected by the STEREO A spacecraft on May 07, 2007, at 08:11:30
am. The panels show from top to bottom, the magnetic field magnitude as well as its components, the
total velocity and its components, density, and temperature. The dashed red line represents the exact

shock time. The duration of the plot is 2 hours.

The STEREO B spacecraft detected the shock at 09:42:00 am. The magnetic field and the plasma plot

are shown in Figure 4.11
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STEREO B spacecraft: FF shock May 07, 2007
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Figure 4.11: The plot of the shock detected by the STEREO B spacecraft on May 07, 2007, at 09:42:00
am. The panels show from top to bottom, the magnetic field magnitude as well as its components, the
total velocity and its components, density, and temperature. The dashed red line represents the exact
shock time. The duration of the plot is 2 hours.

April 23, 2007 event:
In this specific event STEREO A spacecraft detected a shock first at 06:53:35 am. The magnetic field
and the plasma data are shown in Figure [£.12
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STEREO A spacecraft FR shock April 23, 2004
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Figure 4.12: The plot of the shock detected by the STEREO A spacecraft on April 23, 2007 at 06:53:35
am. The panels show from top to bottom, the magnetic field magnitude as well as its components, the
total velocity and its components, density, and temperature. The dashed red line represents the exact
shock time. The duration of the plot is 2 hours

ACE spacecraft detected the shock at 08:57:00 am. The magnetic field and the plasma plot are shown
in Figure
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ACE spacecraft FR shock April 23, 2007
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Figure 4.13: The plot of the shock detected by the ACE spacecraft on April 23, 2007 at 08:57:00 am. The
panels show from top to bottom, the magnetic field magnitude as well as its components, the total velocity
and its components, density, and temperature. The dashed red line represents the exact shock time. The
duration of the plot is 2 hours.

The Wind spacecraft detected the shock at 09:12:00 am. The magnetic field and the plasma plot are
shown in Figure
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The Wind spacecraft FR shock April 23, 2007
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Figure 4.14: The plot of the shock detected by the Wind spacecraft on April 23, 2007 at 09:12:00 am.
The panels show from top to bottom, the magnetic field magnitude as well as its components, the total
velocity and its components, density, and temperature. The dashed red line represents the exact shock
time. The duration of the plot is 2 hours.
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Chapter 5

Results

5.1 May 07, 2007 Event

The Wind magnetic field measurement: The upstream and downstream time intervals that most
agree between the minimum variance analysis and the magnetic coplanarity are:

At,, for the upstream is between (06:59:00 - 07:01:47)

At gown for the downstream is between (07:03:50 - 07:05:50), see Figure .

Wind Magnetic Field FF shock May 07, 2007
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Figure 5.1: The Wind magnetic field measurement. The chosen intervals of the upstream and downstream
magnetic field. The red dashed lines each represent the upstream starting time and ending time and the
downstream starting time and ending time respectively

In these intervals, the angle between the MVA normal and the magnetic coplanarity normal is 0.38°
and the ratio between the smallest eigenvalue A3 and the intermediate eigenvalue Ay is A3/Ay = 0.067

The STEREO A magnetic field measurement: The upstream and downstream time intervals
that most agree between the minimum variance analysis and the magnetic coplanarity are:

At,, for the upstream is between (08:08:00 - 08:10:05)
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At gown for the downstream is between (08:12:30 - 08:13:50), see Figure .

STEREO A Magnetic Field FF shock May 07, 2007
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Figure 5.2: The STEREO A magnetic field measurement. The chosen intervals of the upstream and
downstream magnetic field. The red dashed lines each represent the upstream starting time and ending
time and the downstream starting time and ending time respectively

In these intervals, the angle between the MVA normal and the magnetic coplanarity normal is 0.375°
and the ratio between the smallest eigenvalue A3 and the intermediate eigenvalue Ay is A3/Ay = 0.316

The STEREO B magnetic field measurement: The upstream and downstream time intervals
that most agree between the minimum variance analysis and the magnetic coplanarity are:

At,, for the upstream is between (09:37:00 - 09:40:35)

At goun for the downstream is between (09:42:57 - 09:43:38), see Figure .
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STEREO B Magnetic Field FF shock May 07, 2007
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Figure 5.3: The STEREO B magnetic field measurement. The chosen intervals of the upstream and
downstream magnetic field. The red dashed lines each represent the upstream starting time and ending
time and the downstream starting time and ending time respectively

In these intervals, the angle between the MVA normal and the magnetic coplanarity normal is 1.1° and
the ratio between the smallest eigenvalue A3 and the intermediate eigenvalue Ay is A3/Ay = 0.1

Result 1

The accepted upstream and downstream time intervals are highly accurate considering the angle difference
between the two methods is minimal and the eigenvalue criteria are sufficient for each spacecraft data.
Using the determined time intervals, the calculations of the ratio between the upstream and downstream
magnetic fields, densities, and temperatures as well as the bulk speed, and shock 6 angle are made. These
parameters, the minimum variance analysis normal and the magnetic coplanarity normals are shown in
Table where the solar wind bulk speed and the downstream to upstream ratios for the shock criteria
are fulfilled as stated in [4.14] and [4.15] and the results of the additional parameters calculations as stated
in [£.2.4] are shown in Table 5.2l

Table 5.1:

Spacecraft B,/ B, Na/N, T4/ T, AV 0B,

Wind 1.86 £ 0.1 1.78% 1.33%* 29.6%* 70.8
STEREO A|1.894+0.0232.18 209|321 £2.4| 36+6 |81.83
STEREO B| 1.9+£0.07 | 1.9£0.6 2946 140.254+11159.45

Result core parameters of studying the data of the Wind, STEREO A, and STEREO B
spacecrafts. Here 0, is the shock 6 angle. The values with the asterisk (*) symbol indicate the parameters
with indefinite uncertainties because the determined intervals of the upstream and downstream magnetic
fields are smaller than the resolution of the plasma data
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MVA Coplanarity AOyva—cp
[—0.763 -0.63 —0.144] [—0.763 -0.629 —0.15] 0.37
[0.889 0.436 0.137] [0.888 0.436 0.144] 0.38
[—0.855 -0.511 —0.087] [—0.864 -0.497 —0.077] 1.1

Table 5.1: (Continue) Result core parameters of studying the data of the Wind, STEREO A, and STEREO
B spacecrafts. 0y;v4_cp is the angle difference between the minimum variance normal vectors and the

magnetic coplanarity normal vectors.

Spacecraft | Vi, km/s | C* km/s | V" km/s | CU2 km/s
Wind 313.60 472+£1.6 | 18.7%£6.08 | 50.78 £2.7
Stereo A | 35241 | 46.27£3.3 | 34.89 £ 15 |57.95£9.41
Stereo B | 354.91 |46.89 £5.85|31.95 4 7.33|56.74 + 6.35

Table 5.2: Result additional parameters of studying the data of the three spacecraft. V, is the shock
speed, C" is the upstream sound speed, V,? is the upstream Alfvén speed and C!’. is the upstream

magnetosonic speed.

Plasma f3,, | Alfvén Mach | Magnetosonic Mach
76+49 | 414+ 1.72 1.5+0.4

211 4+1.8 | 219 4+1.12 1.32 £ 0.42

2.58 +£1.34 | 2.76 £1.07 1.55 £ 0.52

Table 5.2: (Continue) Result additional parameters of studying the data of the three spacecraft. Plasma
Bup, Alfvén Mach, and Magnetosonic Mach are shown

Using the results, the 2D sketches of the IP shocks that were detected by the spacecraft are shown in
Figure [5.4] 5.5 [5.6] In these 2D sketches, the shock propagation and normal vector orientation are shown
in a temporal development manner. The 3D sketch is shown in[5.7, and in the 3D sketch the STEREO A
and STEREO B positions are time shifted to the Wind’s position to see the overall shape of this IP shock.
From the 3D sketch, the overall shape of the IP shock is a planner and can be fitted with a line. The IP
shock planar line is tilted 32.94° with respect to the Sun-Earth line. The tilt appears as almost the same
degree as the Parker spiral impacting the Earth from the dawn side. Hence, it is the reason why the Wind
detected the shock first even though STEREO A’s position is relatively closer to the Sun’s direction.
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May 07, 2007 Event (XY)
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Figure 5.4: A XY coordinate 2D sketch of the propagation of the IP shock through 3 spacecraft— Wind,
STEREO A, and STEREO B. The arrows indicate the normal vector direction and the lines perpendicular

to the normal vectors indicate the shock surface orientations. The size of the lines are arbitrary.
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May 07, 2007 Event (XZ)
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Figure 5.5: A XZ coordinate 2D sketch of the propagation of the IP shock through 3 spacecraft— Wind,
STEREO A, and STEREO B. The arrows indicate the normal vector direction and the lines perpendicular
to the normal vectors indicate the shock surface orientations. The size of the lines are arbitrary.
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May 07, 2007 Event (YZ)
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Figure 5.6: A YZ coordinate 2D sketch of the propagation of the IP shock through 3 spacecraft— Wind,
STEREO A, and STEREO B. The arrows indicate the normal vector direction and the lines perpendicular

to the normal vectors indicate the shock surface orientations. The size of the lines are arbitrary.
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May 07, 2007 Event (3D)
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Figure 5.7: A 3D sketch of the propagation of the IP shock through 3 spacecraft— Wind, STEREO A, and
STEREO B. The positions of STEREO A and STEREO B are shifted back to Wind. The arrows indicate
the normal vector direction and the planes perpendicular to the normal vectors indicate the shock surface

orientations. The size of the planes are arbitrary.

5.2 April 23, 2007 Event

The STEREO A magnetic field measurement:
At,, for the upstream is between (06:46:00 - 06:52:23)

43



Temporal Development of Interplanetary Shocks in the Heliosphere

At gown for the downstream is between (06:57:03 - 07:02:34), see Figure .

STEREO A Magnetic Field FR shock April 23, 2007
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Figure 5.8: The STEREO A magnetic field measurement. The chosen intervals of the upstream and
downstream magnetic field. The red dashed lines each represent the upstream starting time and ending
time and the downstream starting time and ending time respectively

In these intervals, the angle between the MVA normal and the magnetic coplanarity normal is 1.07°
and the ratio between the smallest eigenvalue A3 and the intermediate eigenvalue Ay is Az/As = 0.3036

ACE magnetic field measurement: The upstream and downstream time intervals that most agree
between the minimum variance analysis and the magnetic coplanarity are:

At,, for the upstream is between (08:50:04 - 08:56:52)

At goun for the downstream is between (09:01:50 - 09:08:00), see Figure .
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ACE Magnetic Field FR shock April 23, 2007
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Figure 5.9: ACE magnetic field measurement. The chosen intervals of the upstream and downstream
magnetic field. The red dashed lines each represent the upstream starting time and ending time and the
downstream starting time and ending time respectively

In these intervals, the angle between the MVA normal and the magnetic coplanarity normal is 3.43°
and the ratio between the smallest eigenvalue A3 and the intermediate eigenvalue g is A3/As = 0.25

Wind magnetic field measurement: The upstream and downstream time intervals that most agree
between the minimum variance analysis and the magnetic coplanarity are:

At,, for the upstream is between (09:04:00 - 09:10:00)

At gown for the downstream is between (09:12:20 - 09:13:15), see Figure m
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WIND A Magnetic Field FR shock April 23, 2007
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Figure 5.10: The Wind magnetic field measurement. The chosen intervals of the upstream and downstream
magnetic field. The red dashed lines each represent the upstream starting time and ending time and the
downstream starting time and ending time respectively

In these intervals, the angle between the MVA normal and the magnetic coplanarity normal is 1.46°
and the ratio between the smallest eigenvalue A3 and the intermediate eigenvalue s is A3/As = 0.295

Result 2

Similarly to the event about, the upstream and downstream time intervals are highly accurate as well
considering the angle difference between the two methods is minimal and the eigenvalue criteria are fulfilled
for each spacecraft data.

Also, using the determined time intervals, the estimations of the ratio between the upstream and
downstream magnetic field, densities, and temperatures as well as the bulk speed, and shock 6 angle are
made. These parameters, the minimum variance analysis normal and the magnetic coplanarity normal
are shown in Table [5.3] where also the solar wind bulk speed and the downstream to upstream ratios
for the shock criteria are fulfilled accordingly with and and the calculated results of additional
parameters are shown in Table

Spacecraft B;/B, Ng/N, Ta/T, AV 0B,
STEREO A | 1.47+0.16 2+0.7 1.48 +£0.5 46 + 13 88.4
ACE 1414 +£0.09 1475 +£0.16 | 1.212 £ 0.09 | 24.563 £5 |47.39
Wind 1.349+0.06 | 1.424+04 | 1.285+0.7 | 19.26 £0.13 | 61.85

Table 5.3: Result core parameters of studying the data of the STEREO A, ACE, and Wind spacecrafts.
Here 0p, is the shock # angle.

46



Temporal Development of Interplanetary Shocks in the Heliosphere

MVA Coplanarity AOyva—cp
[—0.86 0.02 —0.502] [—0.858 0.007 —0.51] 1.07
[0.899 -0.146 —0.412] [0.888 -0.205 —0.411] 3.429
[—0.823 0.43 0.369] [—0.809 0.438 0.39] 1.349

Table 5.3: (Continue) Result core parameters of studying the data of the STEREO A, ACE, and Wind

spacecrafts.

magnetic coplanarity normal vectors.

Spacecraft | Vi, km/s| C" km/s | V¥ km/s CrP km /s
STEREO A | 467.95 |64.97 & 7.74 | 68.715 & 29.2 | 94.57 £ 21.85
ACE 412.36 | 58.28 24.94 | 52.82 £ 15.9 | 78.66 & 11.26
Wind 372.59 | 56.14 £5.36 | 56.22 + 14.71 | 79.45 £ 11.08

Ormva—cp is the angle difference between the minimum variance normal vectors and the

Table 5.4: Result additional parameters of studying the data of the three spacecraft. V, is the shock
speed, C" is the upstream sound speed, V,? is the upstream Alfvén speed and C!’. is the upstream

magnetosonic speed.

Plasma f3,, | Alfvén Mach | Magnetosonic Mach
1.07 £ 0.94 | 0.998 + 0.67 0.725 + 0.41
1.46 £0.91| 1.49 4+ 0.56 1.0 £0.27
1.19+£0.66 | 1.24+0.52 0.88 £0.31

Table 5.4: (Continue) Result additional parameters of studying the data of the three spacecraft. Plasma
Bup, Alfvén Mach, and Magnetosonic Mach are shown

Similarly, the sketches of the IP shocks that were detected by the spacecraft are shown in [5.11] [5.12]
(.13 In these 2D sketches, the shock propagation and normal vector orientation are shown in a temporal
development manner. The 3D sketch is shown in and in the 3D sketch, the Wind and ACE positions
are time-shifted to the STEREO A’s position to see the overall shape of this IP shock. It appears the shape
of the shock is not uniform and twisted along the transverse direction to the Sun-Earth line. STEREO
B does not observe the IP shock signatures during this event, which adds strangeness to this shock event
considering the relatively closer position of STEREO B to these three spacecraft at that time. This IP
shock is a fast reverse shock, meaning it travels toward the Sun even though the shock propagates away

from the sun with the solar wind. So, due to this nature, the IP shock could be a local ripple.
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April 23, 2007 Event (XY)
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Figure 5.11: A XY coordinate 2D sketch of the propagation of the IP shock through 3 spacecraft—- STEREO

A, Wind, and ACE. The arrows indicate the normal vector direction and the lines perpendicular to the
normal vectors indicate the shock surface orientations. The size of the lines are arbitrary.
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April 23, 2007 Event (XZ)

0.20 3
0.15 -
0.10 -
® StereoB
0.05 A sun
Earth
S Stereo A (MVA)
< 0.00 A Stereo A (CP)
N Wind (MVA)
Wind (CP)
—0.05 A ACE (MVA)
ACE (CP)
—0.10 A
—0.15 A
_020 T T T T T T T
0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15
X (AU)

1.20

Figure 5.12: A XZ coordinate 2D sketch of the propagation of the IP shock through 3 spacecraft—- STEREO
A, Wind, and ACE. The arrows indicate the normal vector direction and the lines perpendicular to the
normal vectors indicate the shock surface orientations. The size of the lines are arbitrary.
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April 23, 2007 Event (YZ)
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Figure 5.13: A YZ coordinate 2D sketch of the propagation of the IP shock through 3 spacecraft- STEREO
A, Wind, and ACE. The arrows indicate the normal vector direction and the lines perpendicular to the
normal vectors indicate the shock surface orientations. The size of the lines are arbitrary.
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April 23, 2007 Event (3D)
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Figure 5.14: A 3D sketch of the propagation of the IP shock through 3 spacecraft— STEREO A, Wind, and
ACE. The positions of Wind and ACE are shifted back to Wind. The arrows indicate the normal vector
direction and the planes perpendicular to the normal vectors indicate the shock surface orientations. The

size of the planes are arbitrary.
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Chapter 6

Summary and conclusions

In this thesis, a single spacecraft study of the interplanetary (IP) shock is presented. This thesis aims to
study and determine how IP shocks are changing from one spacecraft to another spacecraft location.

For this purpose, two methods are implemented, namely the minimum variance analysis of the magnetic
field (MVA) and the magnetic coplanarity methods for the determination of upstream and downstream
time intervals. The two methods use magnetic field measurement data, which is known for its high
resolution compared to plasma data. To acquire data, the Coordinated Data Analysis Web (CDAWeb)
of NASA is used for each spacecraft. DATA are in the first event case — from early morning to noon
in 2007-05-07 for three different spacecraft, namely Wind, Stereo A, and B, and the second event case,
similarly, - from early morning to noon in 2007-04-23 for three different spacecraft, namely Wind, Stereo
A, and ACE. After acquiring data, every coordinate, and system of the data is changed to HEE by this site
http://treps.irap.omp.eu/|so that it will be easy to compare the data and how the shock parameters
change when propagating through space. For accepting the upstream and downstream time intervals, two
criteria are made such as the 6 angle differences between MVA and the magnetic coplanarity must be
considerably small (Facsko et al., 2008) and the ratio between the smallest eigenvalue to the intermediate
eigenvalue must be less than 1/3 (Shan et al., 2013). For both case studies, such upstream and downstream
intervals are found, indicating our result is highly accurate. So, pinpointing the shock formations has been
very successful due to using the two methods to determine the shock normal vectors.

The two event studies are not timely ordered, I first studied the May 07, 2007 event and then April 23,
2007 event. Hence May 07 event is referred to as the first event and April 23 event as the second event.
The first event is a fast-forward (FF) shock event, meaning the shock propagating away from the Sun in
the solar wind frame of reference in addition to the solar wind on which it propagates is also traveling
away from the Sun. From the 2D sketches as well as the 3D sketch, on which the STEREO A and B
spacecraft positions are time-shifted to the Wind spacecraft to see the geometry of the shock, the shock
appears planar and tilted 32.94° to the Sun-Earth line, explaining why the Wind first detected the IP
shock even though its location is behind the STEREO A in respect to the Sun-Earth line. There is no sign
of temporal change in this scale. The second event is fast reverse (FR) shock event, meaning the shock
propagates toward the Sun in the solar wind frame of reference although the shock propagates away from
the sun with its carrier solar wind. There are several peculiarities with this shock event, it appears the
shape of the shock is not uniform and twisted along the transverse direction to the Sun-Earth line and
STEREO B did not detect any shock around in a range of considerable time that to conclude as the same
shock. So, it can be assumed that this IP shock shape is non-uniform and locally rippled. Further studies
are needed for determining this shock’s surface.
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