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Abstract

Title: Evolution of Interplanetary Coronal Mass Ejections
Author: Andrii Lynnyk

Department: Department of Surface and Plasma Science
Supervisor: RNDr. Marek Vandas, DrSc.

e-mail address: vandas@ig.cas.cz

Abstract: This thesis deals with deformation of the Interplanetary
Coronal Mass Ejections (ICMFEs) and their sub-class Magnetic
Clouds (MCs) during their propagation in the Solar Wind (SW).
The statistical study of the expanded MCs has shown that ex-
pansion greatly affects the MC internal magnetic field. We had
shown that this influence is more clear for the MCs observed close
to their axes. The study of the stand-off shock distance in front
of the supersonic ICME confirms a smooth deformation of the
ICMEs along their path from the Sun into interplanetary space.
We observed that this deformation is increasing with the velocity
of the ICME. This study also confirmed the difference in sheaths
that are created in front of expanding and non-expanding ICMFEs.
We found that velocity distribution inside the MC' is not uniform
and it has large fluctuations. We found that the MC' cross-section
is usually strongly deformed.

Keywords: interplanetary coronal mass ejection, magnetic cloud,
magnetosheath, fluz rope, magnetic field, shock, fitting
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Abstract

Nazev prace: Vyvoj meziplanetdrnich korondlnich vyroni hmoty

Autor: Andrii Lynnyk

Katedra: Katedra fyziky povrchi a plazmatu
Vedouci disertacni prace: RNDr. Marek Vandas, DrSc.

e-mail address: vandas@ig.cas.cz

Abstract: Prdce se zabyvd deformaci meziplanetdarnich vyronu ko-

rondlni hmoty (ICMFEs) a jejich podskupiny, magnetickych ob-
lakiu (MCs), béhem Siteni slunecnim vétrem (SW). Statistické
studium expandugjicich MCs ukdzalo, Ze expanze velmi ovliviiuje
jejich vnitrni magnetické pole. Ukdzali jsme, Ze tento vliv je mno-
hem zretelnéjsi pro MC pozorované v blizkosti jejich os. Studium
vzdalenosti razove viny pred nadzvukovymi ICMFEs potvrzuje je-
jich postupnou deformaci behem $irent od Slunce meziplanetdrnim
prostorem. Dokdzali jsme, Ze tato deformace se zvétsuje s roz-
touci rychlosti ICME. Prdce také potvrdila rozdil v prechodove
oblasti, kterd se vytvdri pred expandujicimi ICMFEs. Zjistili jsme,
Ze rozdelent rychlosti wvnitr MC neni rovnomérné, ale md velké
fluktuace. Dale jsme zjistili, Ze prurezy MCs jsou obvykle pod-
statné deformované.

Klicova slova: Meziplanetdarni korondlni vyron hmoty, magneticky

oblak, prechodovd oblast, magneticky provazec, magnetické pole,
rdzova vina, fitovani
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Chapter 1

Introduction

1.1 Solar Wind

The Solar Wind (SW) is the solar atmosphere constantly expanding into the
interplanetary space. It flows with a speed of about 400 km/s and a density of
5 1/cc at the Earth’s orbit. The analytical solution for the expanded solar wind
was performed by |Parker| (1958). The previous works based on the model of
static isotermic solar atmosphere could not represent an equilibrium state between
solar corona (outer region of the solar atmosphere) and the interstellar medium.
Parker| (1958) proposed the model of non-static isotermic solar atmosphere and
obtained that the solar atmosphere slowly expands close to the Sun and constantly
accelerates reaching the supersonic velocities on a height about 1.7 Rg. Unlike
the surface of the Sun that has temperature about 6000 K, the solar corona has
the average temperature about 10° K that gives the SW energy to escape the
Sun’s gravity. Figure shows different profiles of the calculated SW velocity in
dependence on the plasma temperature.

The SW consists of charged particles, mostly electrons and protons with a
small amount of He™ (about 4-5%) and heavier ions (less than 0.1%). The
density of the SW as well as ratio of its components may change as a result of
different manifestation of local instabilities in the Sun, such as flares, coronal
mass ejections etc, and may be the indication of theese processes.

The inhomogeneous rotation of the Sun and the convectional processes inside
create the solar Magnetic Field (MF). The main component of the solar MF is
dipole but during periods of the maximal solar activity, the higher components
are prevailed. The average magnitude of the MF is 5 nT on the Earth orbit and
it is decreasing with heliocentric distance as 1/R (because the magnetic energy
proportional B? decreases as 1/R?). Due to a high temperature (up to 2:10° K),
the SW plasma has very high conductivity and the coronal MF is ”frozen in” and
moving with the SW. The illustration of the MF configuration affected by the
SW is shown in Figure [I.2h. There is a current sheet separating regions of an
opposite magnetic polarity and extending outward into the interplanetary space.
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Figure 1.1: Profiles of the SW velocity for different values of the coronal temper-

ature. Adapted from .

These features are the cause that the SW has lower values of the velocity near
to the ecliptic plane (the so-called ”slow” solar wind with the velocity of 300-500
km/s) where the plasma flows perpendicularly the MF than in higher heliospheric
latitudes ("fast” solar wind with the velocity of 600-800 km/s) where the plasma
propagates along open radial MF lines. The flow of the plasma at the ecliptic
plane drags the magnetic field lines, bending them into so called streamer belt (in
Figure the idealized streamer belt is shown). In Figure the distributions
of the SW velocity and density on heliolatitude are shown. One can see that the
SW at the low heliolatitude (less that 20°) has 2 times lower velocity and 3 times

larger density.
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(a)

Figure 1.2: (a) - Idealized three-dimensional view of the streamer belt and the
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coronal magnetic field (Hundhausen| |1977), and (b) - a more realistic sketch of

the structure of the corona and its presumed magnetic field (Kivelson and Russell,

1995).
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Figure 1.3: Distributions of the SW velocity and density on the heliolatitude.
Adapted from |McComas et al. (2000).

The real configuration is more complicated due to higher components in the
solar MF and varies with the solar cycle. In Figure [1.2b, one of the possible
magnetic configuration is shown. The coronal holes are the sources of the fast
SW, while coronal streamers are the souces of the slow SW, probably with a
higher density and a stronger magnetic field.

The fact that the streamer belt does not always lie in the ecliptic plane leads
to the phenomenon of Corotating Interaction Regions (CIRs). The CIR is the
region of the heliosphere where the faster SW propagates behind the slow SW,
accelerating it and decelerating itself. There is often a CIR-induced shock on
the boundary between the slow and fast region of the SW. One of the common
features of the CIR-shock is the normal inclined about 45° to the Xggp axis (the
Sun-Earth line).

The other significant source of the global SW disturbance in the interplanetary
space is represented by the Interplanetary Coronal Mass Ejections. They are
large plasma structures (on order of ~ 0.1-1 AU at the Earth orbit in different
dimensions) that usually carry strong magnetic field and may create a shock in
front of themselves. Their properties will be discussed through this section. In
Table [L.1], the typical parameters of the SW at the Earth’s orbit are shown.
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Parameter Minimum Average Maximum
Density (cm™) 0.4 6.5 100
Helium % 0 5 25
Flow speed (km/s) 200 400 900
Magnetic field (nT) 0.2 6 80
Temperature (K) 1.5-10°

Table 1.1: Average values of the solar wind parameters observed near the orbit
of the Earth. Adapted from |Kivelson and Russell (1995).

The interaction of the supersonic SW with the Earth magnetic field creates
the magnetosphere (MS) with the bow shock (BS). Different processes in the SW
may affect the Earth MS. The changing of the velocity, density or the magnetic
field in the SW may cause the geomagnetic storms. The magnetic clouds usually
carry the strong magnetic field and may propagate faster than the SW, being the
source of the most severe geomagnetic storms.

1.2 Coronal Mass Ejections and Magnetic Clouds

The Coronal Mass Ejections (CMEs) are large plasma structures erupted from
the Sun. They can be clearly seen by coronagraphs close to the Sun as they have
larger density than the ambient corona with frozen-in magnetic field maintaining
the form of CMEs. In Figure[l.4] the example of the observation of the CME taken
with the LASCO (Large Angle and Spectrometric Coronagraph (Brueckner et al.l
1995))) on the SOHO spacecraft. CMEs are usually detected using coronagraphs
on platforms either in the Earth orbit or near to the Earth (e.g., the L1 orbit).
Such instruments being best suited to the detection of ejecta in the plane of the
sky are capable to detect halo CMEs (the Earth-directed CMEs; they are usually
covered by the coronagraph and do not exhibit recognizable structure), but these
halo events are often rather weak in intensity. The better way of detecting the
Earth-directed CMEs is provided by the STEREO mission (Harrison et al. [2008)
at present time. The STEREO spacecraft are travelling in the different direction
along the Earth orbit and their spatial distributions allow them to observe Earth-
directed CMEs on the limb.

It is well known that CMEs are associated with filament eruptions and solar
flares (Gosling,|1990) and are supposed to have the form of the flux-ropes but the
driver mechanism remains elusive. The scheme of mechanism for creating inter-
planetary magnetic ropes from arcades in the lower corona proposed by |Gosling
(1990)) is shown in Figure [I.5] The initial arcade (top left scheme in the figure)
after reconnection events transforms into the flux rope. The plasma slowly trans-
fers to the flux rope along field lines. The instabilities that develop in the flux
rope region lead to the eruption of the flux rope from the Sun.
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Figure 1.4: The 25 March 2008 CME when it first appeared in the LASCO/C2
field of view. The CME had a flux rope structure (marked) and a leading diffuse
feature, whose outermost edge was interpreted as the shock. The EUV disturbance
seen above the limb and on the disk coincides with the outermost part of the
white-light disturbance that surrounds the flux rope. The velocity of the CME
reached 1000 km/s in 1 hour after initiation (at a height of 10 Rg). Adapted from
\Gopalswamy et al.| (2009).

Several theoretical models are described by |Krall et al| (2001)) within the
context of the magnetic flux rope model of |Chen/| (1996). These models include
the flux injection, magnetic twisting, magnetic energy release and hot plasma
injection (see Figure [1.6)). The three-dimensional magnetic flux-rope model, in
which a converging flow toward the neutral line results in reconnection beneath
the flux-rope (Forbes and Priest,|1995) assumes that the kinematics of an erupting
flux-rope can be described using a force-balance equation, which includes the gas
pressure, gravity and Lorentz force. An alternative to this it is the magnetic
break-out model in which the CME eruption is triggered by reconnection between
the overlying field and a neighboring flux system (Antiochos et al., 1999). The
increased rate of outward expansion drives a faster rate of breakout reconnection
yielding the positive feedback required for an explosive eruption. The models are
dependent on geometrical properties of the CME, such as its width and radius,
and they are designed to give an indication of the processes that drive the CME
kinematics.

\Byrne et al. (2009); Wood and Howard, (2009); Xie et al| (2009) studied the
CMEs close to the Sun using the STEREO mission, modeled and reconstruct
them in a form of the flux rope or arc with the twisted MF inside.

At present, the most CME kinematics are derived from running difference
images where each image is subtracted from the next one in order to highlight
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Figure 1.5: Proposed mechanism for creating interplanetary magnetic ropes from

arcades in the lower corona. Adapted from |Gosling| (1990).

OJtT

PHOTOSPHERE

Figure 1.6: Model flux rope schematics. Subscripts p and t refer to the poloidal
and toroidal directions, respectively. The ambient coronal field B¢ is also indicated.

Adapted from |Chen| (1989).
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regions of changing intensity (Byrne et al., 2009). Once the CME is identified,
either manually through point-and-click estimates, or by a form of image thresh-
olding and segmentation, height-time plots are produced and the velocity and
acceleration of each event determined. CMEs are often thought of as being either
gradual or impulsive depending on both their eruption mechanism (e.g., promi-
nence lift off or flare driven) and their speed. The faster events tend to have an
average negative acceleration attributed to aerodynamic drag of the SW (Cargill,
2004). It was also shown by |Gallagher et al|(2003)) that CMEs may undergo an
early impulsive acceleration phase below ~ 2Rg,,.

Byrne et al. (2009) argued that the results of previous methods of the deter-
mination of the CME velocity and acceleration are limited mainly due to large
kinematic errors which fail to constrain a model. Current methods fit either a
linear model to the height-time curve implying constant velocity and zero accel-
eration or a second order polynomial producing a linear velocity and constant
acceleration. |Byrne et al. (2009) implemented a multiscale decomposition that
provides a time error on the scale of seconds (the exposure time of the instru-
ment) and a resulting height error on the order of a few pixels. The height-time
error is used to determine the errors of the velocity and acceleration profiles of
the CMEs. They confirmed that the previous constant acceleration model may
not always be appropriate. Those CMEs that expand from the Sun with super-
sonic velocities comparable with the ambient SW produce the shock wave that is
propagating prior to their edge. In Figure[1.4] an example of the CME with an
induced shock is shown.

Those CMEs that are observed in the SW are now reffered as Interplanetary
Coronal Mass Ejections (ICMEs). ICMEs in the SW can be determined by the
one or several of following criteria (Fbert et al.l 2009; |Liu et all 2005; |Neuge-
bauer and Goldstein) 1997, | Wimmer-Schwemngruber et al., [2006; | Zurbuchen and
Richardson), 2006)): at least twice colder protons compared to the ambient SW
with the same velocity; higher helium concentration; the presence of suprather-
mal (<80 eV) counterstreaming electron beams; enhanced ion charge states; the
stronger magnetic field with a smaller variance than in the ambient SW; low pro-
ton plasma S (<0.1); smooth and large rotation of the MF, cosmic ray decreases
due to exclusion by the magnetic field.

The features that ICMEs exbitit lead to the assumption that ICMEs are large
plasma structures with ”frozen-in” helical magnetic field. The current paradigm
of the ICME is shown in Figure [I.7] where the ICME in a form of a twisted flux
rope connects to the Sun. However, at large distances, a connection of the ICME
to the Sun is not verified.

A typical size of the ICME is about 0.07-0.6 AU along the Xgsg line at the
Earth’s orbit (Lepping et al., 2006) and up to 6 AU at a heliocentric distance
more than 10 AU (Wang and Richardson), 2004).
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Figure 1.7: The current paradigm of a simple ICME or magnetic cloud in which
a twisted flux rope connects back to the solar corona.

1.3 Models of Magnetic clouds

Magnetic clouds (MCs) are a sub-class of Interplanetary Coronal Mass Ejec-
tions (ICMEs) (the short review is made by |[Démoulin| (2010])) with such satisfied
features as the low proton temperature, low proton plasma 3, and the strong
magnetic field with a rotation up to about 180 degrees (Burlaga et all [1981]).

In the magnetohydrodynamic (MHD) framework, the magnetic configuration
of an MC can be obtained from the balance between the magnetic Lorentz force
and the plasma pressure. Several magneto-static models have been used to de-
scribe the magnetic configuration of MCs.

When the plasma pressure is negligible compared to the magnetic pressure,
the configuration is called ”force-free” because the magnetic self-force is null
(and so, magnetic field B is parallel to the electric current density, j), and the
magnetic pressure is balanced by the tension of the curved magnetic field lines.
The "linear force-free” field is a sub-set of solutions from the previous set, which
satisfies V x B = aB, with a constant in space. Here, we present four different
cylindrical models, two force-free (one linear and one non-linear) and two non
force-free.

The axially symmetric magnetic field corresponding to a linear force-free con-
figuration was obtained by |Lundquist| (1950). It has been shown that this solution
is consistent with in situ measurements of interplanetary magnetic flux ropes at
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1 AU. Thus, the field of MCs is often relatively well modeled by

B, =0,
Btp = B()Jl(OZT), (11)
BZ = BDJ()(CW’),

where Jy and J; are the Bessel functions; o = const; By is the magnetic field
strenght; r, ¢ and Z are cylindrical coordinates. The example of the fit of the
magnetic cloud by April 22, 2001 by this model is shown in Figure [1.§|

Farrugia et al.| (1999) proposed a non-linear force-free field with a uniform
twist to model interplanetary flux tubes. For this configuration, B is given by
Gold and Hoyle (1960)) solution:

B, =0,
___Bogbr

B, = i (1.2)
J— ] ) N

BZ = 15b2r20

where b = const.

Hidalgo et al. (2000) proposed a non force-free model with the constant cur-
rent density such as j = [0, j,, jz] (with the components along [r, ¢, Z] of the
cylindrical coordinate system), where j, and j; are constants. The magnetic
field is:

B, =0,
By = E(;«T/Z%’ (1.3)
BZ = Bo(l - T/R),

where 7 = const; R is the MC radius.

A cylindrically symmetrical magnetic configuration with a current density
such as: 7 = [0,ar, jz|, with a and j; constants has been proposed for MCs by
Cid et al. (2002). This structure has a magnetic field distribution given by:

B, =0,
B(p = B()TT, (14)
BZ = Bo(]_ - T2/R2).

A schematic illustration of the MC as a flux rope with helically twisted mag-
netic field lines is shown in Figure [I.9] The thin line in the XYggp plane shows
a spacecraft trajectory through the MC. The distance from the MC axis Z;¢ to
this trajectory is called the ”impact parameter” (it is usually measured in frac-
tion of the MC radius). The magnetic field strength is maximal at the MC axis
and decreases to its boundaries. Models usually determine the axial component
of the magnetic field at the boundary to be zero (except for the |Gold and Hoyle
(1960) solution).

Dasso et al.| (2006) performed the analysis of these models on the data ob-
tained during observations of the MC registered on 18-20 October, 1995. They
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Figure 1.8: Example of the one MC seen by WIND on April 22, 2001. From top to
bottom: strength and components of the magnetic field, —Vxggr component of the
velocity, proton number density, thermal velocity. The vertical lines represent the
MC-driven shock and boundaries of the MC. The solid lines represent the magnetic
field fit using the force-free model and a linear fit of the velocity. Adapted from
Lynnyk et al. (2010]).
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1.3 Models of Magnetic clouds

Figure 1.9: A schematic illustration of the MC model. The geocentric solar
ecliptic (GSE) and MC coordinate systems are shown. The cylinder represents the
MC body. The two coils represent magnetic field lines inside the cloud. The thin
line in the X Yggp plane shows a spacecraft trajectory during observations (Lynnyk
\and Vandas, 2009).

compare the residual functions x* = ((B;bs — Buoget)?) (where (...) means aver-

aging) for all four models and found the quality of their fits: models of |Cid et al.
(2002), |Hidalgo et al.| (2000)), |[Lundquist| (1950) and |Gold and Hoyle| (1960)) are
sorted in decreasing order. The magnetic fields of the MC obtained using their
solutions are marked as ”C”, "H”, ”I.” and ”G”, respectively, and are shown in
Figure [1.10] as well as the observed magnetic field data. Despite of the arrang-
ing models by quality of the fits, one can see that the real data may have large
fluctuations. For a more reliable conclusion, the statistical analysis with a large
number of MCs is required. These models were used under consideration of MCs
locally as steady-state cylinders.

There are several methods of the determination of the MC axis direction. Its
orientation can be obtained by the minimization of the x* = (( Bops — Bmoder)?)

function using of the models. It is possible to estimate the orientation of an

11
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Figure 1.10: a) The axial component, B, cjouq, of the MC magnetic field (local
coordinate system obtained using mean variance analysis) as a function of time (in
hours, after 18:58 UT, October 18, 1995); b) The field component in the direction
orthogonal to both the spacecraft trajectory and MC axis. By cjouq is the azimuthal
component of the magnetic field with the hypothesis of negligible impact parameter.
Dots correspond to the observed field (temporal cadence of one minute), solid line
to the Lundquist model, dashed line to the Gold-Hoyle model, dotted line to the
Hidalgo model and dash-dotted line to the Cid model. Adapted from [Dasso et al.
(2006).

MC applying the minimum variance (MV) method to the magnetic observations
when the impact parameter is small compared to the MC radius. This method
finds the directions ( ﬁ) in which the mean quadratic deviation of the field,
((B-n—(B-n))?), is minimum and maximum, as well as the orthogonal direction
to both. It is possible to show that this is equivalent to finding the eigen-vectors
of the covariance matrix M, ; = (B;B;) — (B;){(B;) (Sonnerup and Cahilll, |1967).
This symmetric and real matrix has three real eigen-values with orthogonal eigen-
vectors. The MV method determines the MC axis direction, gdoud, as the eigen-
vector associated with the intermediate eigen-value. The eigen-vector associated
with the lowest eigen-value is expected to be close to the direction that results
from the projection of the spacecraft trajectory on the plane perpendicular to
z::doud. The eigen-vector associated with the highest eigen-value closes the system
such that it is right handed.

Liu et al| (2007) have presented a method how to determine the magnetic
field orientation of MCs based on Faraday rotation (FR). Their FR calculations,
either with a simple flux rope or global MHD modeling, demonstrate the exciting
result that the CME field orientation can be obtained 2 — 3 days before a CME
arrival at the Earth, which is substantially longer than the warning time achieved
by local spacecraft measurements at L1. We should note that an actual CME
likely shows a turbulent behavior with multiple structures along the line of sight.
The interpretation of the FR measurements will be more complex. Therefore, the

12



1.4 Magnetic Cloud Expansion

study of the CME accompanied structures and specification of the CME structure
is important for prediction of the geoeffectiveness of CMEs.

Later in the work, we will use the MC for describing such structures that have
a distinct magnetic configuration (in form of a twisted spiral). Nevertheless, there
is a lot of features that are observed for those ICMEs that are not suggested to be
the MC. Thus, we will discuss all ICMEs irrespective of their structure together
with MCs. We suppose their behavior to be similar in the most of cases.

1.4 Magnetic Cloud Expansion

MCs usually exhibit a smooth decrease of the velocity within its boundaries (see
Figure and this feature may be explained by their radial expansion (Burlaga
et al., (1990; Farrugia et al., [1993).

Bothmer and Schwenn| (1998]) found that a radial diameter of the expanding
MCs increases between 0.3 and 4.2 AU proportional to R%® (where R is the
heliocentric distance). Consistently with this expansion, the plasma density inside
MCs decreases, faster than in the normal SW, proportional to R** between 0.3
and 1 AU. Further, Démoulin and Dasso| (2009)) found that MCs expand nearly
self-similarly during their propagation from the Sun. They referred that radius
of MCs increases linearly with the heliocentric distance.

The models that take the expansion effect into account consider either only a
radial expansion (Farrugia et al.,1993) or the expansion in both radial and axial
directions (Shimazu and Vandas, |2002). |Vandas et al.| (2006) presented the fits
of MC profiles by a force-free solution inside a circular cylinder with a flux rope
expansion. |Marubashi and Lepping| (2007)) used the technique of the least-square
fitting to force-free flux rope models and compared both cylinder and torus models
using the |Romashets and Vandas| (2003) model with modification that includes
the expansion effect. These works are based on the study of the particular MCs
and show better agreement between modeled and observed magnetic field for the
model that takes expansion effect into account.

The magnetic field profile is not only one feature that changes with the ex-
pansion. It is known that supersonic MCs create the shock in front of them.
But the shock in front of the MC may be formed not only by the supersonical
propagation of the MC but also by its expansion. If the resulting velocity of
the MC boundary is larger than the magnetosonic velocity (it may be caused by
propagation and expansion), then the shock will be formed. |Siscoe and Odstrcil
(2008) have simulated and compared MCs and other heliophysical sheaths and
shown that the sheath of expanding MCs (the so called the ”expansion sheath”
that forms around an object that expands but does not propagate relative to the
solar wind) differs from the sheath formed by the propagation of steady-state
MCs (the ”propagation sheath”). The authors found that for the obstacles with
a similar geometry the MC that expands will have two times thinner sheath than
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1. INTRODUCTION

one that only propagates (meaning the same velocities of their boundary relative
to the medium). This result may be used as an additional feature in the study
of the MC expansion. However, in the section [I.5] it will be shown that the MC
deformation also may affect the sheath thicknesses. Thus, the correct study of
the MC expansion should be performed together with the investigation of the
MC deformation.

1.5 Magnetic Cloud Shape

The bidirectional flows of supra-thermal electrons along magnetic field lines that
were observed inside MCs, support the assumption of closed field lines in agree-
ment with observations that these plasma and magnetic field come in the solar
wind from regions in the solar atmosphere where the magnetic field lines form
closed loops (Gosling et all [1973). It has been proposed that the ejecta from
CMEs evolves into large-scale magnetic flux ropes that remain magnetically con-
nected to the solar atmosphere (Gosling, |1990). Observations of solar energetic
particles (SEPs) associated with MCs (Bothmer et al.,|[1996; | Farrugia et al.,[1993)
are in favor of this picture.

Larson et al.|(1997) perform the analysis of the five solar impulsive ~ 1 — 102
eV electron events that were detected while the WIND spacecraft was inside
the MC that was observed upstream of the Earth on October 18-20, 1995. The
solar type III radio bursts produced by these electrons were directly traced from
~ 1 AU back to X-ray flares in solar active region AR 7912 implying that at least
one leg of the cloud was magnetically connected to that region. Analysis of the
electron arrival times showed that the lengths of magnetic field lines in that leg
vary from ~ 3 AU near the cloud exterior to ~ 1.2 AU near the cloud center,
consistent with a model force-free helical flux rope.

However, |Larson et al. (1997) studied the topology of this cloud and suggested
disconnection of magnetic field lines at one or both ends of the MC at least for
the short (~ 1 — 2 hours) periods. They studied the bidirectional streaming of
the electons in the cloud at different energy ranges and found that the fluxes
were comparable below ~ 200 eV but not above, consistent with both ends of
the cloud field line being connected back to the solar corona, but to the regions
of different coronal temperature. After 12 hours of the MC observations, the
electon flux became generally uni-directional, indicating magnetic connection to
the corona along only one leg of the cloud. Shortly (~3 hours) after that, the
abrupt drops in the electron flux were observed. |Larson et al. (1997) suppose
that these features are evidences of the truly disconnection of the MC from the
Sun.

As ICMEs have their own magnetic field, non-related to the ambient solar

wind, they preserve their structure during propagation. Nevertheless, the inter-
action with the SW may affect the ICME in different ways. As ICMEs have the
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1.5 Magnetic Cloud Shape

pressure balance with the solar wind on own boundary, the decreasing of the SW
pressure leads to their expansion. On the other hand, there is a drag force from
the SW that affects ICMEs because they often have larger velocities than the
SW. Also, due to large sizes, the ICME may be affected by the non-uniform SW
if it is comparable with the streamer belt thickness (see Section [L.1)).
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Figure 1.11: A schematic representation of the geometry used to generate the
kinematically distorted flux rope model in a structured solar wind. A constant-
a force-free flux rope is initially located at a heliocentric height hg. Each point
within the flux rope then moves subject to 2 velocities: antisunward (the R inline
equation direction) at speed Vrg() and antiaxially (the 7 direction) at speed Vgx.
The dashed line shows the Vpr(6) profile. Adapted from |Owens| (2006).

Owens| (2006) modified an existing MC model based upon kinematically dis-
torted flux ropes to include the effect of a structured solar wind, so as to give
concave-outward structures thought to result from propagation into a solar min-
imum solar wind configuration. A robust signature of this concave-outward mor-
phology was identified, and searched for in the spacecraft data. Three MCs were
selected for their applicability to the analysis method and for their likelihood of
forming concave-outward structures, due to both timing within the solar cycle and
launch position. However, in all three cases, the convex-outward signatures (that
correspond the simple uniform solar wind speed model) of the MC cross-section
were fitted by the observation but not the expected concave-outward models.
Owens, (2006) supposed that the possible explanations of this unexpected result
are: (1) the analysis methods used are not valid, and thus fail to detect the signa-
tures of a concave-outward flux rope, and (2) the signatures of a concave-outward
flux rope are not present in the in situ data (though the flux ropes may still be
concave-outward on a global scale).
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The analysis methods used in the study may be not valid to:

1. The flux rope axis is not correctly determined for the in situ observations.
This seems unlikely as the field in the determined axial direction matches
very well what was expected from the model (along with the good fit of
the model in general). Furthermore, for two of the three events analyzed
by |Owens| (2006)), coronagraph and EIT observations suggest the magnetic
clouds should be intercepted very close to the nose, and hence have axes
perpendicular to the radial direction.

2. Effects of axial curvature are important and overwhelm the signatures of
the MC distortion. For the apparent nose crossings selected by OQwens
(2006)) for examination, the changes along the axial direction may be small
compared to the changes perpendicular to the axis, and therefore the effect
of curvature may be small.

3. Compression /rarefaction forces acting on the flux rope are not adequately
taken into account beyond the added latitudinal dependence of the local
transit speed.

There is also a possibility that signatures of a concave-outward flux rope exist
but are not present in the data. The assumed explanation are:

1. Magnetic cloud distortion by a structured solar wind simply does not oc-
cur: magnetic clouds largely ignore the effect of a bimodal solar speed as
the magnetic tension resists distortion. This strongly contradicts the re-
sults of multiple numerical simulations (Owensl 2006)). It would suggest
that magnetic tension forces are being severely underestimated. This effect
would be more pronounced in MCs with very strong magnetic fields.

2. The speed variation at low latitudes required to provide the distortion is
not present (i.e., the real solar wind speed is approximately uniform with
latitude). Highly unlikely, as models of corona at this time suggest slow
wind at low latitudes and fast wind from poles.

3. All three MC encounters were made at precisely the latitude of the solar
wind speed minimum, and hence had no latitudinal speed gradient. This is
statistically unlikely, and the fact that the observed radial fields are non-
zero suggest this is not the case.

4. Distortion is not present in single spacecraft in situ data because the tran-
sition from fast to slow wind is sharp, allowing the parts of the flux rope in
fast /slow wind to expand independently. The illustration of such structure
is shown in Figure [1.12] The left (center) panel of Figure [I.12] shows the
cross-sectional shape of a flux rope propagating through a uniform (struc-
tured) solar wind resulting in a convex- (concave-) outward flux rope. The
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1.5 Magnetic Cloud Shape

right panel shows a similar speed dip near the flux rope axis, but with a
sharp latitudinal transition in speed. These results in the flux rope effec-
tively breaking into separate latitudinal sections, which individually expand
as per the uniform solar wind case. This would allow the flux rope structure
to be concave-outward on a global scale, and thus drive shocks with a con-
cave outward shape, but be convex-outward on a local scale, as measured
by in situ observations.

—
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Figure 1.12: The flux rope cross-sections (solid lines) resulting from different
speeds as functions of latitudes (dashed lines). The left panel shows the uniform
solar wind case resulting in a convex-outward structure. The center panel shows a
smooth dip in the speed near the axis of the flux rope, which leads to the concave-
outward cross section. The right panel shows a similar dip in the speed close to
the axis, but with a sharper transition from fast to slow wind. This results in a
concave-outward structure on the global scale, but local in situ observations would
reveal a convex-outward configuration of the flux rope field. Adapted from [Owens
(2006)).

On the other hand, |Liu et al. (2006) performed the study of the MC boundaries
observed by ACE and Ulysses and have estimated a cross-section ratio to be larger
than 6 : 1. They calculated the boundary normal of the MC and suggested that
the MC cross-section is bended outward during the solar maximum and is bended
inward during the solar minimum (Figure .

To obtain a measure of the transverse size, they used two spacecraft widely
separated in the solar meridional plane. Launched in 1991, Ulysses explores the
SW conditions at distances from 1 to 5.4 AU and up to 80° in latitude. Wind and
ACE have provided near-Earth measurements (within 7° of the solar equatorial
plane) since 1994 and 1998, respectively. |Liu et al| (2006) looked for MCs in
Ulysses data when it was more than 30° away from the solar equator. If the same
MC was seen at the near-Earth spacecraft, then its transverse width is at least
the spacecraft separation. To determine if the spacecraft observes the same MC,
the timing and data similarities (similar transient signatures, the same chirality,
etc.) were looked, and a one-dimensional (1-D) MHD model to do data alignment
was used.

A direct consequence of the large transverse size is that MCs encounter dif-
ferent SW flows in the meridional plane. MCs can thus be highly distorted de-
pending on the ambient solar wind conditions. The simplified scenario indicates
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Figure 1.13: Schematic diagram of MCs at 1 AU in the solar meridional plane with
an axis perpendicular to the radial and transverse directions, illustrating the large
latitudinal extent and curvature in uniform (left, corresponding to solar maximum)
and structured solar wind (right, corresponding to solar minimum). Contours
denote levels of the initial flux-rope radius. The angles, labeled as 6 and §, represent
the latitude of a virtual spacecraft and the elevation angle of the flux-rope normal.
The distance of the spacecraft and radius of the flux-rope curvature are marked as
R and R., respectively. Adapted from |Liu et al.| (2006]).

that MCs should be ideally concave outward at the solar minimum and convex
outward during the solar maximum. This curvature effect results in an inverse
correlation between 6 and 6 at solar minimum and a positive correlation near
solar maximum as shown in Figure Note, however, that this is a greatly
simplified picture. In reality, the shape of MCs will be determined by the speed
at which they travel with respect to the background SW, ambient magnetic fields,
the presence of other ICMEs or obstacles nearby.

We should note that the methods used by |Owens| (2006) and |Liu et al.| (2006)
differ significantly and each of them has limitations that may corrupt the results.
Owens| (2006) fitted MCs using one spacecraft measurements and the limitation
of this is discussed above. |Liu et al| (2006) used the calculations of the MC
boundary normals observed by two spatially and temporally separated spacecraft.
As it will be discussed later, the MC boundary may be distorted and may not to
be criterion for the determination of the MC orientation.

The other method of the study of the MC deformation is based on investiga-
tions of the properties of the shock that is created in front of the supersonical
MCs. |Russell and Mulligan|(2002)) performed the study of the ICME cross-section
based on an estimation of the stand-off distance of the shock that is driven in
front of the supersonical ICME. Such a supersonic ICME produces a standing
shock wave in its frame. The plasma of the created magnetosheath flows around
the ICME much as the plasma of the terrestrial magnetosheath flows around the
Earths magnetosphere. The half-thickness of an ICME is typically 0.1 AU at 1
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1.5 Magnetic Cloud Shape

AU. As it is supposed, this dimension representing the characteristic scale size of
the obstacle, leads to the thickness of the magnetosheath about 0.025 AU but,
according to the observations, it is typically closer to 0.1 AU. |Russell and Mulli-
gan| (2002)) converted formula for the terrestrial magnetosheath thickness to one
that is appropriate for the ICME sheath. They concluded that the characteristic
radius of curvature of an ICME at 1 AU is about 0.4 AU. This radius of curvature
is provided both by the bend of the rope axis and by an elongation of the ICME
in the direction perpendicular to the rope axis and the SW flow. Thus, near 1
AU, ICMEs have a radial thickness that is smaller than their other two charac-
teristic dimensions. This result is an additional confirmation of a deformation of
the ICME from the circular shape.
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Chapter 2

The aims of the thesis

As it follows from the previous chapter, ICMEs/MCs deform their shape on a
path from the Sun mainly due to the expansion and to the drag force from the
solar wind. The aim of this thesis is a study of the changes of ICME/MC cross-
sections. We suppose following tasks:

1. A systematic study of the effectiveness of the MC expansion model. To
fulfill it, we will compare the results of both the static and the expansion
model (including a linear isotropic expansion) with observations of WIND

MCs.

2. A study of the ICME/MC shape and its evolution along its path through
the solar system. This study will be based on a detailed analysis of the
thickness of sheaths in front of supersonic ICMEs;

3. An investigation of an anisotropic expantion of MCs leading to their ellip-
tical cross-section. For this purpose, the model of expanding MCs will be
modified and the results will be compared with experimental data.

In the thesis, the particular tasks are based on WIND and Voyager 2 observations
of ICMEs/MCs during 1995-2011 and 1977-1989, respectively.
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Chapter 3

Measurements of ICME/MC
parameters

The analysis of MCs is based on the observations of the WIND spacecraft during
1995-2011. The analysis of such ICMEs that do not exhibit the MC structure is
based on the observations of the Voyager 2 spacecraft during 1977-1989.

3.1 Wind spacecraft

Wind is a spin stabilized spacecraft launched in November 1, 1994 and placed in a
halo orbit around the L1 Lagrange point more than 200 R g upstream of the Earth
to observe the unperturbed solar wind that impacts the Earth’s magnetosphere.

The primary science objectives of the Wind mission were: (1) provide complete
plasma, energetic particle and magnetic field for magnetospheric and ionospheric
studies; (2) investigate basic plasma processes occurring in the near-Earth solar
wind; (3) provide baseline, at 1 AU, ecliptic plane observations for inner and
outer heliospheric missions.

The Wind Magnetic Field Investigation (MFI) is composed of two triaxial
fluxgate magnetometers located at the mid point and end of a 12 m boom. The
instrument provides (1) near real-time data at nominally one vector per 92 s as
key parameter data for broad dispersion. (2) rapid data at 10.9 vectors s~* for
standard analysis, and (3) occasionally, snapshot memory data and Fast Fourier
Transform data, both based on 44 vectors s™'. The instrument features a very
wide dynamic range of measurement capability, from +4 nT up to £65536 n'T
per axis in eight discrete ranges (Lepping et al., |1995)).

The Solar Wind Experiment (SWE) on the WIND spacecraft is a comprehen-
sive, integrated set of sensors. It consists of two Faraday cup sensors; a vector
electron and ion spectrometer (VEIS); a strahl sensor, and an on-board calibra-
tion system. The energy/charge range of the Faraday cups is 150 V to 8 kV, and
that of the VEIS id 7 to 24.8 kV. The time resolution depends on the operation

23



3. MEASUREMENTS OF ICME/MC PARAMETERS

mode used, but can be of the order of few seconds for 3D measurements (Ogilvie
et al/, [1995)).

3.2 Voyager Mission

The twin Voyager 1 and 2 spacecraft have been launched in August (Voyager 2)
and September (Voyager 1), 1977 on a trajectory toward the upstream direction
of the heliosphere, which was also toward the giant planets. After the successful
planetary encounters, the Voyager Mission continued outward with the goal of
making the first observations of the local interstellar medium (LISM). Both Voy-
agers have now crossed the termination shock, where the SW velocity changes
from supersonic to subsonic. On August 2010, Voyager 1 was at a distance of
17.1 billion kilometers (114.3 AU) from the Sun and Voyager 2 at a distance of
13.9 billion kilometers (92.9 AU).

The identical Voyager spacecraft are three-axis stabilized systems that use
celestial or gyro referenced attitude control to maintain pointing of the high-gain
antennas toward Earth. The prime mission science payload consisted of 10 instru-
ments (11 investigations including radio science). Only five investigator teams
are still supported, though data are collected for two additional instruments.

The Voyager plasma experiment (PLS) registers solar wind protons simultane-
ously in three earthward-pointing Faraday cups over an energy range of 10-5950
eV with a time resolution of 192 s (Bridge et al., 1977). When possible, the three
spectra are fit with convected isotropic Maxwellian distributions to determine the
proton velocity, density, and temperature. However, data quality often does not
allow this fitting procedure.

The magnetic field (MAG) experiment carried on the Voyager 1 and 2 probes
consists of dual low-field (LFM) and high-field magnetometer (HFM) systems
(Behannon et al., [1977). The dual systems provide greater reliability and, in the
case of the LFM, permit the separation of spacecraft magnetic fields from the
ambient fields. Additional reliability is achieved through electronic redundancy.
The wide dynamic ranges of + 5-10* nT for the LFM and + 200-10* nT for the
HFM, low quantization uncertainly of £+ 0.002 nT in the most sensitive (& 8 nT)
LFM range, low sensor RMS noise level of 0.006 nT, and use of data compaction
schemes to optimize the experiment information rate all combine to permit the
study of a broad spectrum of phenomena during the mission.

3.3 Data selection

The MCs we used to our investigation were determined by |Lepping et al.| (2006).
The authors identified the MCs from the meaturements of WIND and their anal-
ysis cover 1995-2003 years. Except for a few cases their MCs are revealed to be
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generally large magnetic flux ropes in the SW, i.e., plasma embedded strong mag-
netic fields of approximally helical structure. The MCs were identified by visual
inspectin of magnetic field and plasma data based on the |Burlagal (1988)) defini-
tion. |Lepping et al. (2006) fitted the magnetic fields of selected MCs by a static
force-free, cylindrically symmetric MC model (Lepping et all|1990) and provided
seven relevant model fit-parameter values for each from 82 MCs. We checked
these MCs and the MCs with data gaps were exluded from our further analysis.
Furthemore, we enhanced this mentioned WIND database with MC observations
registered during the 2007-2011 years for particular studies. These MCs and
their boundaries were identified by their plasma [, magnetic field profile, plasma
velocity and temperature.

The analysis of the ICMEs that do not exhibit the MC structure is based
on the observations of the Voyager 2 spacecraft during 1977-1989. In 1977-1989,
the Voyager 2 spacecraft flew from 1 to 30 AU. In this work, the 168 ICMEs
determined by |Wang and Richardson| (2004) were analyzed and 26 ICMEs that
met our requirements were selected for our processing.
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Chapter 4

Evolution of ICMEs and MCs

4.1 Expansion of MCs

The velocity decrease that is often observed within MC boundaries led to pre-
sumption about expanding of the MCs (Burlaga et al., 1990). We examined 82
MCs identified by |Lepping et al. (2006) in order to select those that exhibit dis-
tinct monotonous decrease of the velocity during their observation, as it present
in Figure [4.1]

To include the approximation of the self-consistent expansion to the MC
model, we modified the force-free model (Lundquist| (1950) solution) by a fol-
lowing way. The radial velocity of expansion, V¢ can be determined from the
equation, VP cosysin¢ = VPrder — V0 where v is the angle between the line
from the observation point to the Sun and the line from the observation point
to the MC axis; sin+y equals to the ratio of an impact parameter (distance from
the MC axis to the spacecraft trajectory) over the MC radius, ¢ is an MC axis
inclination angle, V%4 is the velocity observed by the spacecraft at the leading
edge of the MC, and V" is the velocity averaged through a whole time of the MC
observation (Osherovich et al.l[1993)); it is a close to the velocity of the MC center.
We can describe the MC expansion using a new parameter, t.,, that characterizes
the expansion rate and is defined according to |Lynnyk and Vandas| (2009)) as:

Ry

teacp = Veap’

(4.1)

where Ry is the MC radius at the time of the MC leading edge observation. We
should note that we used only the X-component (in GSE) of the velocity for
calculation of VP because fluctuations in the Y and Z components made the
calculations more complicated.

The linear force-free solution given by Equation[I.IJmay be modified by adding
the time dependence of o and By in a way (Vandas et al., |2006])
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4. EVOLUTION OF ICMES AND MCS

By (4.2)

We sorted 67 MCs from the |Lepping et al| (2006)) list and divided into two
groups: non-expanding and expanding clouds. An example of both fitting proce-
dures is shown in Figure and one can see that the expanding model describes
the observation much better than the static model.
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Figure 4.1: An example of fits of the velocity profile (top), solar wind density
(middle) and magnetic field (bottom) within the MC boundaries. The magnetic
cloud of 22 September 1997 exhibits the velocity decrease within its boundaries.
The vertical lines show leading and trailing edges of MC and the time (in hours)
on the horizontal axis is counted from the MC leading edge. In the top panel,
the dotted line shows the average velocity; the solid line presents the linear fit of
velocity. In the bottom panel, the dotted line shows the fit with the basic model
Lundquist, |1950), while the solid line shows the fit with the expansion model
Shimazu and Vandas, 2002).

To evaluate the effectiveness of the expansion model, we simulated magnetic
fields of MCs observed by the spacecraft using both expansion and static models
and compare the results with observed data. The deviations between observed
and modeled magnetic fields were calculated as

X_\/Z(BE?—B¥)2+(B$—B¥)2+(B§—B§4)2 @3)

N -1 ’

where By, By, By are GSE components of the magnetic field marked by O and M
for observed and modeled fields, respectively, and N is a number of the data points
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4.1 Expansion of MCs

within the MC. The deviations calculated for fits of the expansion model (x**)
were compared with those calculated for the fits of the static model x™°"-“*? using
Equation (1.1 To estimate the applicability of the expansion model, we calculated
improvement of x (also mentioned as a reduction of y) after an application of the
new expansion model:

exp

X

Xnon,e;rp

X improvement = 100 - (1 — ), [%0]. (4.4)

For the extended study, we calculated two x values for the fitted magnetic field
— one described of Equation (later marked by xp) and the other one with
the vectors of the magnetic field direction (with the unity length) used instead of
the vectors of the magnetic field itself (later marked by xgir)-

In Figure the dependence of all y improvements as a function of the
expansion velocity is shown. The improvements were calculated for both the
magnetic field, B (yp) and direction (xg;-) deviations. One can see that both
x are generally improved for low values of the expansion velocity (up to ~ 40
km/s) but for the larger expansion velocities the improvement of the y values
seems to be not dependent on the velocity. Moreover, the figure shows a large
number of negative improvements. We can conclude that a linear dependence
of the y improvement on the expansion velocity for the lower values proves the
correctness of the expansion hypothesis. We suppose that a large dispersion of
the x improvement at larger velocities is caused by the way of application of the
expansion into the model.
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Figure 4.2: The distribution of x improvements on the expansion velocity (Vegp).
The improvements of both x4, (triangles) and x g (circles) are shown (Lynnyk and
Vandasl, 2009)).

Thus, we perform a more accurate fitting of the MC magnetic field.
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We involved an approximation of the self-consistent expansion into calcula-
tions of initial MC parameters. The fitting procedure is based on the minimization

of x? = ( (B;bs — Buoaa)?) (where (. ..) means averaging). To minimize this func-

tion, we used the following set of the parameters that describe the MC: the axial
magnetic field, axis direction, radius, and the impact parameter. In every itera-
tion, we modified modified these parameters one by one with a small deviation
and calculated the x? value for every set. Obtained values were compared with
those obtained for the original set of the MC parameters. For the next iteration,
MC parameters were changed with fixed addendum. The sign of this addendum
was selected to minimize the x? value calculated for the set with modification
of the corresponding parameter. We should note that these values were changed
with fixed addendum in order to avoid the extension of the computation time.

There is a problem of local minima in the x? function on the space of the MC
parameters. This problem was avoided using several independent computations
with different initial parameters. We have taken these initial parameters as points
in the range of possible reasonable values of these parameters with the fixed length
one from another. At the end of computations, the MC parameters corresponding
to the minimum y? value were selected.

Figure|4.3|shows an example of our new fit (solid line) and its comparison with
the fit by the static model (dashed line). One can note that the expansion fit
matches the experimental data better than the static model. The expansion leads
to the non-symmetric profiles of magnetic field components with respect to the
center of the observation interval and this feature is often recorded. In this case,
the improvement is 32%, V¢ is 52 km/s, ¢, 6 angles of the MC axis inclination
are 158° and 50° respectively, impact parameter, CA is 10%, MC radius is 0.084
AU and the axial magnetic field is 22.2 nT.

The statistics of new fit improvements brings Figure that shows plots of
the x improvement as a function of the expansion velocity

We should note that the expansion velocity that we put into fitting procedure
wasn’t the additional free parameter. The expansion velocity was calculated from
the fit of the velocity within MC boundaries.
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Figure 4.3: The MC on September 9, 1997. Magnitude and components (in GSE)
of the magnetic field, and -X-component (in GSE) of the solar wind velocity are
plotted. The vertical lines indicate an estimation of MC boundaries. The dashed
lines show the fit by the classical Lundquist solution (Equation and the solid
lines stand for the fit including the MC expansion (Equation . The parameters
of the MC yielded by the expansion model are given in the bottom part: the y
values (for the models without and with expansion), expansion velocity, ¢ and 6
angles of the MC axis inclination, helicity, impact parameter, CA, the MC radius
and the axial magnetic field (Lynnyk and Vandas|, 2010)).
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Figure 4.4: Improvements of fits of 68 MCs with the expansion model. All events
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(light gray dashed line) with CA<50% (Lynnyk and Vandas}, 2010]).
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4.2 Study of elliptical MC cross-section

4.2 Study of elliptical MC cross-section

Despite of the fact that the magnetic field in flux ropes are often simulated by a
force-free solution with constant alpha in a circular cylinder, MHD simulations
and experimental investigations indicate that their cross-section is not circular
but they are oblate due to interaction with the surrounding solar wind (e.g.,
Lynnyk and Vandas, [2010; |Vandas and Romashets, [2003)).

We use the solution of |Vandas and Romashets| (2003) of the force-free field
with constant alpha in an elliptical MC. The basic force-free equation

V x B=aB (4.5)

is solved in the elliptic cylindrical coordinates u, v, and Z. These coordinates are
defined by

x = ccosh(u)cos(v),
= c¢sinh(u) sin(v), (4.6)
z =

where ¢ = Va? — b%,u € [0;+00), and v € [0;27]. Contours with u = const are
ellipses. The generating ellipse (v = ug) with the semimajor axis a and semiminor
axis b has cosh(ug) = a/c and its foci are at the points (f¢,0) in the zy plane.

The Lamé coefficients are h, = h, = c\/cosh2(u) — cos?(v) and hy = 1.
Equation [4.5] in elliptic cylindrical coordinates has the components

1 0By
— 722 _ 4B
h, Ov 45w
1 0By,
T ou - obe (4.7)
1. 0 0
—(=—(hyB,) — —(h,B = aB
hi(au(hu v) 8U<hu ) A Dy,

if we assume that the searched magnetic field does not depend on Z.
A substitution for B, and B, from Equation [£.7] into the equation for By
yields

8232 8232 2
vl + 2 = —a?c?(cosh®(u) — cos®(v))By. (4.8)

From the expected behavior of the magnetic field inside a flux rope, we can
assume that projections of magnetic field lines onto the xy plane coincide or is
similar to ellipses and symmetrical in quadrants of the xy plane, and thus:

By(2,0,2) =0, By(—=z,0,z2) =—DB,(z,0, 2), (4.9)
By(07 Y, Z) = 07 Bx(oa -y, Z) = _Baz(oy Y, Z)
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4. EVOLUTION OF ICMES AND MCS

We assume that the flux rope has the shape of the generating ellipse, thus we
solve (4.8) by a method of a separation of variables and denote

e = (ac)’. (4.10)

Let us assume that
By = ByU.(u)V:(v), (4.11)

where U.(u) and V.(v) are new functions (depending implicitly also on e, which
is stressed by the subscript), V.(v) is periodic with the period 7. We can put
without loss of generality

U-(0)=1; V-(0) =1 (4.12)
The other components of Equation [4.7) are expressed
1 0Bz B ,
1 0By By .,
B, = — = .
Y ah, Ou ah, Ue(w)Ve ()
At the boundary, u = ug, it must hold for all v
By ,
By (ug,v) = " Ue(ug)VZ(v) =0, (4.14)
therefore
U:(up) = 0. (4.15)

This condition yields Bz = 0 at the boundary (Equation [4.11)).
With Equation [4.11], Equation [4.8| splits into two equations
U’ — (K. —ecosh®*u)U! = 0, (4.16)
V" — (K. —ecos’v)V! = 0,

where K. is a constant used in the separation of variables method. K. for a given
¢ is expressed by an infinite fraction

e €26,
K., = —+——=, 4.17
>’ 4, (4.17)
g E g S
Ont1 2 16 0541

For the calculation of K. the fraction is cut at some level and K. is found by a
method of bisections.

For the computation purposes we present the solution of Equation [4.16|in the
form of series. The substitutions w = sin?v and s = tanh® u changes into

45(1 —s)*U" +2(1 —s*)(1 = 3s)U' — (K. —e —es)U = 0, (4.18)
dw(l —w)V"+2(1 = 2w)V' + (K. —e+ew)V = 0.
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4.2 Study of elliptical MC cross-section

The solution of Equation |4.18]is

U(s) = ibns”, (4.19)

Vi(w) = ianw".
n=0

With equating coefficients at w™ in Equation we get

b . (Ka — €)b0
1 — 2 9
b2 _ (10 + K€ - Ef)bl - Ksbo
12 ’
b _ Bl+BQ+BB (4 20)
" on(2n —1) ’ '
(K. — ¢)ag
ay = T 9
A |4n —1)2 = K. +¢| apn_1 — €ap_»s

2n(2n — 1)

where By = (2(n — 1)(6n — 7) + K. — €)by,—1, Bs = K.)b,—o and By = 2(n —
3)(2n — 5)b,,_3.

According to Equation ag = 1, by = 1. An example of the magnetic field
lines for the solution with a/b = 3 is shown in Figure [4.5]

Figure 4.5: Magnetic field lines for the case of a/b = 3. The flux rope boundary
is the generating ellipse. Adapted from |Vandas and Romashets| (2003).

We simulated MCs observed in 1995-2003 to evaluate the typical ratio of thir
cross-sections. We used |Lepping et al.| (2006) timing of the MC observation and
performed the fitting procedure on the whole set of MCs. For this study we used
the model of the MC with elliptical cross-section described above. We perform

the fitting procedure with minimization of the function y? = ((B;bs — Bm_;del)Q)

(where (...) means averaging) with the following parameters: ratio of the semi-
axes of the elliptical MC, axial magnetic field, "cone” and ”clock” angles of the
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4. EVOLUTION OF ICMES AND MCS

MC axis, distance from the MC axis to the spacecraft. The spatial orientation
of the MC cross-section was selected so that larger semi-axis, a was orientated
orthogonal to Xggg.

In order to avoid unnecessary computation, we divided the fitting procedure
into two steps. During the first step, the set of the magnetic configurations corre-
sponding to the different MC cross-sections were computed. These configurations
were characterized by the a/b ratio (the ratio of the semi-axes of the elliptical
MC cross-section). As the|Vandas and Romashets| (2003) model is multiplicative
in the MC axes and the axial magnetic field, we set these values to unity. Equa-
tion [4.20| were solved using a bisection method. During the second step of the
fitting, every magnetic configuration was translated into the coordinate system
rotated in the GSE system with the fixed angles (”cone” and ”clock” angles of the
MC axis), that correspond to the MC axis inclination. The obtained magnetic
configuration was scaled to the observed MC size. Then, the magnetic field was
multiplied by a variable coefficient and points corresponding to the fixed space-
craft trajectory were taken. After this, the y? function of the difference of this
field from observed was calculated.

The results of the procedure are shown in Figure £.6l One can see the ma-
jority of MCs exhibits the semi-axes ratio (a/b) in a range of 1 — 1.6 and several
cases with a/b about 2.5. From this follows that a study of the deformation of
MCs using the elliptical model does not bring significant enhancement of the de-
velopment of the MC models. We believe that, despite of the improvement of the
fits of the particular MC, this fitting procedure should not be used without the
consideration of an additional manifestation of the MC deformation, such as MC-
sheath thickening or the boundary normal study. The reason is that adding two
semi-axes instead of one radius increases the number of free parameters (those
that we are selecting in order to minimize the deviation between observed and
modeled magnetic fields). Thus, the fit of the elliptical MC cannot be worse than
the fit of the cylindrical MC (it is the same in the case of the equal semi-axes).

For this reason, we performed the study of the shape of those MCs that exhibit
the expansion. We expect the expansion velocity to be axially symmetric for the
cylindrical MC and embody an increase of the velocity component directed along
a larger semi-axis. We calculated the value of the expansion velocity along the
line perpendicular to Xgsg and the MC axis. This velocity is marked as Vx_ort in
Figure In Figure[4.8] the dependence of the expansion velocity perpendicular
to the Xgsp axis as a function of the expansion velocity along the Xggp line is
shown.

As it is seen from Figure the velocities are proportional for these MCs
that are less deformed (semi-axis ratio is less than 1.4) but there is no depen-
dence for highly deformed MCs. One of the possible explanations is that such
distortion of the flattened MCs affects their magnetic field and makes impossible
to evaluate the impact parameter through a fitting procedure. The other possible
reason is that the distortion of MCs affects the velocity profiles. This is partially

36



4.2 Study of elliptical MC cross-section

0.20'||,

0.15

0.10

0.05

Relative number of events

_I—H

ocool. .. ... ... ... ... .[.1].
1.0 1.5 2.0 2.5 3.0
a’b

Figure 4.6: The distribution of the ratio of the semi-axes (a/b) of the MC cross-
section.

shown in Figure 4.7 where Yosg and Zgsp components of the velocity are highly
fluctuating. Finally, the third possibility that would be investigated is a prop-
agation of Alfvénic waves along the MC axis. Such waves would modulate the
velocity component perpendicular the MC axis. We tried to take into account
this last explanation. We modulated the Xgsg and Yggp components of the ve-
locity according to fluctuations of corresponding magnetic field components (the
red lines in Figure but, unfortunately, the resulted velocity does not exhibit
any reasonable dependence.

The study of the velocity profile within the MC reveals its large fluctuations.
These fluctuations do not exhibit any reasonable dependence on the MC expan-
sion or shape of its cross-section. The possible explanations are the non-uniform
distortion of the MC that affects the velocity as well as the magnetic field profile
or the waves that propagate along the MC axis. The study of distribution of
the MC internal velocity may be used in global MHD MC models that take into
account all these effects.
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Figure 4.7: The example of the MC observed by the WIND spacecraft. From
top to bottom: magnitude and components (in GSE) of the magnetic field, proton
density, three components of the plasma velocity and the velocity in the orthogonal
direction. The red velocity profiles indicate the velocity modulated by the MF
relative deviations (between observed and modeled magnetic fields). The short
red lines at the MC boundary indicate average magnetic field components used for

determination of the MC boundary normal.
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Figure 4.8: The dependence of the MC expansion velocity in the direction or-
thogonal to the Xggp axis and the MC axis (vertical) on the Xggp component of
the expansion velocity, V' that was calculated from the linear fit of the velocity.
The orthogonal expansion velocity V;xp was calculated as the maximum value of
a projection of the observed velocity onto the orthogonal axis. We separated all
data into two groups: black with a semi-axis ratio less than 1.4 and red with this
semi-axis ratio greater than 1.4.

39
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4.3 Change of the ICME cross-section

Russell and Mulligan| (2002) presented a gas-dynamic estimation of the distance
of an ICME driven shock to the ICME as the obstacle. The examples of such
shocks are shown in Figures [4.9) and [4.10] For usual solar wind Mach numbers,
this distance equals about 0.2 of the obstacle radius, while several observations
made by the Pioneer Venus spacecraft provide a relation between this distance
and half-thickness of the MC about 0.6. One of the explanation is that the real
radius of curvature of the MC is larger than the half thickness of the MC that
is usually considered as a radius in one-point observation. As we already noted,
this led to presumption of oblate shapes of ICMEs.

To analyze the ICME deformation, we estimated the thickness of I[CME-sheath
using the times of its observations and the average plasma velocity of plasma
within it and the radius of the MC obtained with the force-free flux rope model
fitting by |Lynnyk and Vandas| (2009). We compared it with the radius of the MC
curvature calculated according to the |[Russell and Mulligan| (2002) equation

(4.21)

where A is the MC-sheath thickness, R is a radius of curvature of the obstacle,
and M, is the Alfvén Mach number. We performed a study of ratios of the MC
curvature radius computed from Equation to its observed radius, Re/R, to
find the sources that affect this ratio. The results are shown in Figure [4.12] where
the dependence of Re/R is plotted as a function of the Alfvén Mach number and
the magnetic field strength inside of the MC. The R./R ratios increase with M4
and decrease with an increasing relative inner magnetic field. The relative inner
magnetic field is the ratio of the axial magnetic field from the fit (Lynnyk and
Vandasl, 2009) to the magnetic field in the ambient solar wind. We suggest that
a fast moving MC is deformed due to the solar wind drag force. On the other
hand, if the inner magnetic field is high, it can help to keep a circular MC shape.

While the form and inner structure of MCs are well studied (Liu et al., [2008)),
the other ICMEs are still less described (Démoulin), 2010), mainly because non-
MC ICMEs do not exhibit the flux-rope structure and cannot be fitted by the
same way as MCs. However, there is a possibility to study the form of ICMEs
based on their sheath thickness because a validity of Equation is not lim-
ited to MCs only. The thickness of the sheath depends on the velocity of the
ICME (Siscoe and Odstreil, 2008)) and its geometry. Thus, we performed the
common study of ICME- and MC-sheaths to determine the possible deformation
of ICMEs/MCs during their propagation from the Sun.
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Figure 4.9: An example of the ICME identification. The event was observed by
Voyager at =~ 3.9 AU between September, 19 and October 1, 1978. The vertical
lines mark the ICME and its boundaries. From top to bottom: the magnetic field
strength, speed, density, and thermal velocity.
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Figure 4.10: An example of the MC observation. The event was recorded by
Wind from April 21 to April 24, 2001. The black lines show the results of the
fits according to the |Lynnyk and Vandas (2010) model. From top to bottom: the
magnetic field strength, three components in the GSE coordinate system, Vzgsg
component of the velocity, proton density, and thermal speed. Different regions of
the MC observation are identified and marked in the top part of the figure.
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4.3.1 Deformation of the ICME cross-section

One-point measurements provide only limited information on the ICME structure
and thus our analysis is based on several assumptions. Figure 4.11|shows a sketch
of a flux rope with field lines connected to the Sun on both sides which reflects
our current understanding of ICMEs (Russell and Mulligan), 2002, and references
therein). To estimate the curvature of the leading edge of the flux rope, we define
two curvature radii — R; is the bending of the flux rope, and Ry corresponds to
the flux rope cross-section (Lynnyk et al. [2011)). If the leading edge of the ICME
expands with a supersonic velocity, a shock is formed in front of it. The distance
between the ICME nose and shock, A, is given by |Russell and Mulligan| (2002])
as:

A = Rypst [0.195 + 0.78(M? — 1)7'] (4.22)

where M is the Mach number and R, is the geometric mean of R; and Ry. The
spacecraft crossing of an ICME provides a time series of plasma parameters and
magnetic field as it shown in Figure In such plots, the shock and ICME edges
can be identified and the time differences can serve as a proxy for the ICME spatial
dimensions under the assumption that the whole structure propagates with the
speed measured inside the ICME. We denote the length of the spacecraft path
through the ICME as 2R and the distance between the ICME leading edge and
the shock as D. The distance, D will be used as the sheath thickness but it is
clear that D is an upper limit to the real thickness of the sheath at the ICME
nose (see Figure for explanation). Since the ICME cross-section is unknown,
we assume a circular shape with radius R.
The apparent radius of curvature, Rq is determined from the equation

1

Re =D .
¢ [0.195 + 0.78(M2 — 1)-1]

(4.23)

These simplifications are very crude but one-point measurements generally
provide limited constraints. Nevertheless, the procedure was applied for both the
ICMEs and MCs.

We used the list of ICMEs observed by Voyager 2 between 1 and 30 AU (Wang
and Richardson),[2004) and the list of magnetic clouds observed by Wind (Lepping
et al..[2006). We selected the events with clear shocks in front of the ICMEs/MCs.
We obtained 23 MCs and 26 ICMEs (from the MCs and 168 ICMEs listed). We vi-
sually inspected magnetic field and plasma parameters and determined the edges
of ICMEs/MCs which correspond to sharp changes of these parameters. The
same procedure was applied for the selection of shocks. We should note that our
identification of MC edges corresponds perfectly with the boundaries of |[Lepping
et al.| (2006]), whereas we slightly corrected several estimations of the ICME edges
made by |Wang and Richardson| (2004). Examples of our identifications of the
boundaries can be found in Figures and [4.10]

43



4. EVOLUTION OF ICMES AND MCS

Figure 4.11: A schematic illustration of the ICME geometry and definition of
its parameters. A view of the side (left) and the ICME cross-section in the plane
perpendicular to the left part (right). R1 — the curvature radius at the ICME nose;
R2 — the curvature radius that corresponds to the ICME cross-section; 2R - the
ICME dimension seen by a spacecraft; A - the sheath thickness at the ICME nose;
and D - the sheath thickness observed by a spacecraft.

For each of the selected events, we determined the sheath thickness, D, under
the aforementioned assumptions and the apparent radius of curvature, R, was
calculated according to Equation where we use the Alfvén Mach number for
M.

Figure shows the R¢/ R ratio as a function of the Alfvén Mach number of
the leading edge of the ICMEs that do not exhibit MC structure. The ratio gen-
erally exceeds unity, the apparent radius, R¢, calculated from the magnetosheath
thickness is larger than the radius of the ICME cross-section. Taking into account
the method of determination of these quantities shown in Figure [4.11} one can
see that R represents lower and R¢ upper estimates of the real ICME/MC cross-
sections. On the other hand, Figure show that if the Mach number is small
enough, the Rc/R ratio can be be smaller than unity. We have checked three
MCs denoted by diamonds in Figure and found that the expansion effect
dominates in these cases and the sheath is created by a different mechanism.

The Rc/R ratio increases with increasing Mach number in both panels of
Figure [4.12] This trend is reliably determined in Figure where the data
for MCs are plotted (the points denoted as diamonds were excluded from the
fit). We believe that the increase of the R /R ratio with the Mach number is
caused by the deformation of the ICME/MC cross-sections. The deformation of
low-Mach number ICMEs/MCs is small and thus their cross-sections are nearly
circular. As a result, the R calculated from the sheath thickness becomes close
to R obtained from the duration of the ICME/MC. On the other hand, the fast
ICME with high Mach number is largely deformed through interaction with the
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ambient solar wind and the R¢/R ratio increases (see Figure [4.11)).

Since the structure of ICMEs, and especially MCs, is maintained by the in-
ternal magnetic field, we plotted the Ro/R ratio as a function of the ratio of the
peak magnetic field strength inside the ICME/MC to the surrounding IMF in
Figures. 4.13p (ICMEs) and |4.13p (MCs). These figures show that large R¢/R
ratios are not observed for ICMEs/MCs with a strong internal magnetic field.
This result supports our hypothesis that the high internal magnetic field keeps
the ICME/MC shape close to the circular cross-section. This trend is more dis-
tinct in the MC subset in Figure than in the ICME data set, but it is not
clear, whether this difference is due to fact that the MC observations were made
at 1 AU and the ICMEs (Figure ) were observed along the trajectory of
Voyager 2 from 1 to 30 AU. Note that the ratios of Ro/R for ICMEs are often
larger than those for MCs (see vertical axes in Figure , whereas the ratios
of magnetic fields Broy g/ Bsw (horizontal axes) generally exceed the Byc/Bsw
ratios.

Voyager 1 and 2 observations of the IMF from 1 AU to the termination shock
revealed that the mean IMF strength decreases with heliospheric distance, L, as
1/L. The mean IMF strength drops by a factor of 30 from 1 to 30 AU. Enhanced
ratios of Bjoye/Bsw with respect to Byo/Bsw suggest that the Broyp de-
creases more slowly and that the currents maintaining the B;oy g are still active
at large distances from the Sun. We plot the R/ R ratios of the ICMEs and MCs
as a function of a heliospheric distance, L in Figure4.14] The figure suggests that
the ICME shapes deform during the propagation through interplanetary space
(Lynnyk et al., 2011). The spread of the experimental points is largely due to
simplifications made in calculations of both R and R but the linear fit shown in
the figure reveals an increasing trend of their ratios with distance from the Sun.
This increase can be interpreted as the increasing oblateness of the ICMEs.
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Figure 4.12: The R /R ratios of ICMEs (a) and MCs (b) as a function of the
Alfvén Mach number. The set of ICMEs does not include MCs. The lines represent
linear fits to the points. Fit parameters are given inside the panels (C represents
the correlation coefficient of the fit).
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Figure 4.13: The R /R ratios of ICMEs (a) and MCs (b) as a function of the
peak magnetic field strength inside the ICME/MC normalized to the ambient IMF
(marked as Bgw).
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Figure 4.14: The R¢/R ratio of ICMEs (observed by Voyager 2 and marked
by stars) and MCs (observed by WIND and marked by crosses) as a function of
a heliospheric distance, L. The line represents the best fit to the points. Fit
parameters are given inside the panel.
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Figure 4.15: The Rj/¢/R ratio of MCs as a function of the impact parameter.
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4.3.2 Deformation of the MC cross-section

In the previous section, R is determined under an assumption that the spacecraft
crosses near the ICME/MC axis. This assumption is probably a source of large
errors in the R determination. Such an effect can be inferred from Figure [4.15
where the R¢/R ratio is plotted as a function of the impact parameter. These
two quantities should be independent, but Figure 8 shows that the Ro/R ratio
increases when the impact parameter becomes large. The large impact parameter
means that the spacecraft crosses the MC far away from its axis.

However, if the observed event exhibits MC features, the fit of observed pa-
rameters can provide a deeper insight into its spatial structure. For this reason,
we have applied the flux rope model (the |Lynnyk and Vandas| (2010) approach)
to the MC subset. The model assumes a cylindrical expanding flux rope with
a circular cross-section. The fit of the data provides the flux rope radius Ry;¢
and the impact parameter (i.e., the distance of the spacecraft trajectory from the
MC center relative to Rys¢). Note that for expanding MCs these values describe
a particular MC at the moment of observation of its leading edge. Figure [4.10
shows an example of a fit to one MC. The good agreement of the fits with the
measured data suggests that the model assumptions are reasonable. An appli-
cation of Ry and the impact parameter from the fit significantly decreases the
uncertainty in the determination of the MC cross-sections. We use the impact
parameter to correct the sheath thickness assuming that the shock can be ap-
proximated by a circle near the obstacle nose as depicted in Figure [£.16] In such
a case, the apparent radius of curvature is computed from the magnetosheath
thickness according to:

1
=A 4.24
Re [0.195 + 0.78(M?2 — 1)~1] (424)

For the circular MC R is equal to the Ry;c and A is equal to the Ajyc.

In order to account for this effect, we have made a model fitting (using the
model of the non-expanding flux rope) to the MC set analyzed in the previous
section and obtained Rj;c and the impact parameter as it is shown in Figure 4.16|
The Rc/Ruc ratio is calculated from the MC radius (Rp¢) obtained by the fit
and from the apparent MC radius, Rc determined from the sheath thickness, A,
that was corrected by the impact parameter.

Figure a is a counterpart of Figure [4.12p; it shows the Rc /Ry ¢ ratio as
a function of the Alfvénic Mach number, M,. One can note that the corrections
change the figure substantially. The R /Rysc ratios in Figure a reach gen-
erally lower values than the corresponding R¢/R ratios in Figure except
for two points (marked as triangles in Figure that keep the large Ro/Ryc
values. We revisited these two observations and found complicated situations in
both cases. We have identified two MCs following one another with a temporal
separation of about 20 hours, i.e., with separations similar to the durations of
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Figure 4.16: A sketch of the MC cross-section. A cylindric MC with radius, Rys¢
pushes a shock (dashed) separated by the sheath thickness, Ay/c. The spacecraft
crosses the structure at the distance I - Rys¢ from its axis (I is the impact param-
eter) and observes the sheath thickness, D and the MC dimension, 2R.

observations of each of them. We suggest that a joint bow shock was created
in front of this MC pair. Consequently, the radius of this combined structure
would be a factor of ~ 3 larger than the radius of the first MC that results from
the fit and that was used for Rc/Ryc calculation. The linear trend shown in
Figure does not include these two points. Its slope is not so steep as that in
Figure but the trend of an increase of the R¢/Rpc ratio with My persists.

We expected that using the fits of MCs for more accurate determination of the
deformation of the MC cross-section will improve the dependence of the defor-
mation of the MCs on the Mach number. Comparing the results of two methods
used to determine the MC geometry, we note that the using the fits of MCs do not
bring the expected effect. The corrections resulting from the fits decreased large
values of Re/R (Figure[4.12p) to more reasonable values Re/ Ry e (Figure[d.17h),
however, this correction decreases the small values (denoted by diamonds) as well.
Such small values would suggest a bullet-like shape of the MC cross-section that
is hardly probable and thus we should find other effects to provide an explanation
of these thin sheaths.

Our estimates of R are based on the |Russell and Mulligan| (2002)) approach
that is valid for a non-expanding flux rope that propagates through the ambient
solar wind with a supersonic speed. However, |Siscoe and Odstreil| (2008]) show
that the sheath would be thinner if a flux rope was at rest in the solar wind frame
but expanding with a supersonic speed. The velocity profiles measured inside the
analyzed events suggest that expansion is important in most of them.
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4.3 Change of the ICME cross-section

Figure [4.18 shows an example of such MC. The locations of the bow shock
and MC edges are distinguished by the vertical lines. The velocity inside a MC
decreases linearly and it can be interpreted as the MC expansion with a speed
of 33.3 km/s. On the other hand, the MC propagation speed (344 km/s) is very
close to the solar wind speed in front of the shock (349 km/s). It means that
the center of this particular MC is nearly at the rest in the solar wind frame and
that the low-Mach number shock (M4 ~ 1.2) leading the ICME is created by the
MC expansion. Note that similar parameters were identified for all three events
denoted by the diamonds in Figure [£.17h.

The R¢/Ryc ratios fluctuate generally between 1 and 2 if the points denoted
by triangles and diamonds are excluded, however, the R/ R ratios in Figure
reach the value of 4. It means that the typical MC cross-section would be closer
to circular than Figure suggests. The same probably hold for ICMEs in
Figure but this hypothesis cannot be confirmed by corresponding fit. We
believe that the results in Figure are more reliable because the determi-
nation of the MC diameter uses the whole magnetic field profile and the sheath
thickness as well as the MC diameter are corrected by the impact parameter.

For completeness, Figure shows the ratio Ro/Ryc as a function of the
ratio of the magnetic field at the MC center (from the fit) to the ambient magnetic
field. This figure can be considered as a correction of Figure [£.13p. We can see
that if the ratio of magnetic fields By;/Bgw is two or larger, the Ro/Ry¢ ratio
is close to unity and the cross-section of such MC is nearly circular. This result
supports our suggestion that the axial current creating the magnetic field inside
the MC helps to keep its cylindrical form (Lynnyk et al., 2011]).
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Figure 4.17: The Rc /Ry ratio as a function of the (a) Alfvén Mach number
and the (b) magnetic field strength at the MC axis normalized to the ambient IMF.
The full line represents the fit with parameters inside the panel.
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Figure 4.18: An example of the thin sheath of MC observation by Wind from
March 4 to March 6, 1998. From top to bottom: the magnetic field strength, and
three components in the GSE coordinate system, and the —Vxggsp component of
the velocity. The black lines show the fits of parameters according to the |[Lynnyk
and Vandas| (2010) model. Specification of observation: the expansion velocity -
33.3 km/s, the mean velocity within the MC - 344 km/s, the solar wind velocity
prior to the shock - 349 km/s, the MC leading edge velocity - 385 km/s, and the
Alfvén Mach number - 1.16.
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4. EVOLUTION OF ICMES AND MCS

4.4 MC boundary distortion

As it was noted in the section [I.5, the MC cross-section may be deformed due
to distribution of the SW velocity. We suppose that the MC cross-section may
be distorted on a small scale like Figure [4.19| shows. For the evaluation of this
distortion we compare the direction of the normals to the boundary estimated
by different ways. The MC boundary may be taken as a tangential discontinuity
in the magnetic field or as a surface that separates the solar wind and the MC.
We used again MCs from the Lepping et al. (2006) list to find those that have
a clear visible discontinuity og the magnetic field at their leading edge. As the
discontinuity, we consider that which have at least one component changing more
than for 2 nT at the boundary. We assume that the MC boundary is the tangential
discontinuity, thus we calculated boundary normal as a vector product of the
magnetic field vectors taken at both sides of the boundary (see Figure . We
calculated the MC axis direction using the elliptical model fit and we obtained
the direction of the boundary normal for the elliptical flux rope. We compared
this modeled normal with that obtained from the magnetic configuration of the
boundary. In Figure [£.19] an illustration of the projections of the normals to the
plane perpendicular to the MC axis is shown. The distribution of this angle is
shown in Figure [1.20] One can see that this angle can reach values from 0 to 90
degrees with the most probable values in a range from 20 to 90 degrees.

As a confirmation of the reasonable values for the normal calculated through
the magnetic configuration of the boundary, we made the comparison of this
normal with the MC axis (see Figure . As it can be seen from Figure m
this normal is usually almost perpendicular to the MC axis. This means that the
MC boundary is almost non-deformed in the plane of the MC axis, whereas its
cross-section is probably strongly distorted (Figure [4.20).
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4.4 MC boundary distortion

Figure 4.19: An illustration of the possible distortion of the MC boundary (thick
black curve) from the MC boundary modeled using the magnetic field fit (red circle)
in a plane perpendicular to the MC axis. The boundary normal calculated from
the magnetic field orientation on the boundary (black arrow) and the boundary
normal expecting a cylindrical MC (red arrow) are shown. « indicates the angle
between these two normals.
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Figure 4.20: The distribution of the angle (marked as o in Figure |4.19]) be-
tween the MC boundary normals calculated through the fit and through magnetic
configuration of the boundary.
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4. EVOLUTION OF ICMES AND MCS

Figure 4.21: An illustration of the possible distortion of the MC boundary (thick
black curve). The red circle indicates the cross-section of the MC modeled by
the magnetic field fit. The boundary normal calculated from the magnetic field
orientation on the boundary (black arrow) and the boundary normal expecting
an elliptical MC (red arrow) are shown. [ indicates the angle between normal
calculated with the boundary magnetic orientation and MC axis.

0.15 T T T T

0.10

0.05

Relative number of events

oool .. . ... ... . . ., . . ]
0 20 40 60 80
angle

Figure 4.22: The distribution of the angle (marked as 3 in Figure 4.211) be-
tween MC axis and the MCs boundary normal calculated through the magnetic
configuration of the boundary.
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Chapter 5

Conclusions

This work is devoted to the study of the deformation of ICMEs. There are sev-
eral manifestations of the deformation of ICMEs at the Earth orbit: the velocity
gradient within ICME boundaries that indicates the expansion of the ICME; the
mismatch between the stand-off distance of the shock observed in front of super-
sonical ICMEs and that expected for the cylindrical structure, it is an indication
of the oblateness of ICMEs; internal magnetic field profiles that are unexplained
by the cylindrical models of MCs.

In [Lynnyk and Vandas| (2009)) we modified equations of the cylindrical force-
free model by expansion parameters obtained from the velocity profile. We have
shown that the expansion is observed in 85% of MCs and that this expansion
strongly affects their magnetic field structure (Lynnyk and Vandas, 2010). We
obtained the different dependences for the MCs observed close to their axes and
for those that were observed far from it. This can be explained by larger distur-
bances in the outer regions of the MC. We confirmed that the expansion model
provides better fits in 70% of investigated MCs.

We performed the study of MC cross-sections using the force-free model mod-
ified to the elliptical MCs. From results it follows that the MCs are slightly
deformed into the oblate cross-section. However, it is shown that the elliptical
model should be used together with the other features that indicate an oblate
shape of MCs.

We present a statistical analysis of the ICME/MC deformation based on the
thickness of sheaths observed in front of them. According to|Lynnyk et al|(2011),
we can conclude that:

1. The shock and sheath are always present in front of ICMEs/MCs if their
leading edge propagates with a supersonic speed.

2. If the supersonic propagation is caused by the ICME/MC expansion, the

sheath is thinner than that caused by the supersonic propagation of the
whole flux rope, consistent with the suggestion of|Siscoe and Odstrcil (2008)).
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5. CONCLUSIONS

3. The apparent radius of curvature calculated from the sheath thickness
slightly increases with the Mach number. This effect was attributed to
the larger deformation of the fast ICME/MC.

4. The apparent radius of the ICME curvature (and deformation) increases
with the heliospheric distance.

5. If the magnetic field inside the ICME/MC is much stronger than that in
the ambient solar wind, the ICME/MC cross-section is closer to circular.

6. The ratio of magnetic fields inside and around the ICME is larger at larger
distances from the Earth. It suggests a principal contribution of the current
inside the ICME to its internal field.

For a subset of ICMEs that exhibit the MC structure, we performed the addi-
tional analysis that helped us to avoid the overestimation of the MC deformation.

We have shown that, in spite of several limitations of one-point observations,
investigations of ICME/MC sheaths can contribute to our understanding of the
geometry and evolution of flux ropes in the solar wind.

We performed the analysis of the MC boundaries and found evidence of the
distortion of MCs in the plane perpendicular to their radius.
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