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Abstract

Reconnection-Events in the Near-Earth Magnetotail using
Cluster Data

In this study data of ESA’s Cluster Mission are evaluated to find reconnec-
tion events in the near-Earth magnetotail. Cluster is a multi-spacecraft mission
which uses 4 satellites forming a tetrahedron designed to observe small scale
processes in the magnetosphere. During the tail season of the mission from July
to October, the tetrahedral formation of Cluster crosses the central magnetotail.
Data are evaluated for the period 2001 to 2007. For an automatic search proce-
dure within this huge data set, appropriate search criteria have been formulated
and tested. The main signatures of reconnection are characteristic changes of
the magnetic field structure and the appearance of accelerated plasma flows.
The whole procedure yields 50 events which passed the criteria for reconnec-
tion. From a statistical analysis of the selected events it is concluded that the
majority of events shows a tailward propagating x-line. This is indicated by
the sequence of high-speed flow directions. In addition, earthward flows seem
to occur with higher velocities than tailward flows. The thickness of the tail
current sheet, evaluated from the results, is shown to be in agreement with the
selected criteria in the automatic search routine.

Kurzfassung

Reconnection-Ereignisse im erdnahen Magnetschweif mit-
tels Cluster Daten

In dieser Arbeit werden Daten von ESA’s Cluster Mission ausgewertet um
Reconnection-Ereignisse im erdnahen Magnetschweif zu finden. Cluster ist eine
Multi-Satelliten Mission, welche mittels 4 Satelliten einen Tetraeder formt, ent-
wickelt um Prozesse geringer Groflenordnung in der Magnetosphére zu beob-
achten. Von Juli bis Oktober kreuzt die Cluster-Formation den zentralen Mag-
netschweif. Daten werden fiir den Zeitraum von 2001 bis 2007 ausgewertet. Um
in diesem groflen Datensatz eine automatisierte Suche durchzufiihren, werden
passende Kriterien formuliert und getestet. Die besondere Signatur der Recon-
nection besteht aus charakteristischen Anderungen des Magnetfeldes zusammen
mit dem Auftreten beschleunigter Plasmastromungen. Der gesamte Suchvor-
gang liefert 50 Ereignisse, welche die typischen Charakteristika von Reconnec-
tion aufweisen. Die statistische Analyse dieser 50 Ereignisse zeigt, dass die
Mehrheit der Ereignisse eine sich schweifwéarts bewegende X-Linie aufweist.
Dies ist erkennbar an der Abfolge der Stromungsrichtungen des Plasmas ho-
her Geschwindigkeit. Zusétzlich zeigen die erdwérts gerichteten Plasmastrome
hohere Geschwindigkeiten als die schweifwérts gerichteten Strome. Die Dicke
der Stromschicht, die mittels der Ergebnisse ausgewertet wurde, stimmt tiberein
mit den ausgewéhlten Kriterien der automatisierten Suche.
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Chapter 1

Introduction

Plasma is a state of matter, which contains charged particles. Negative and
positive charges are present in equal numbers, to restore quasineutrality of the
entire gas. The plasma state can be interpreted as the 4 state of matter after
solid, liquid, and gaseous, even though it is not a phase transition of 1st order.
A gas at extremely high temperatures turns into a plasma, because atoms and
molecules are ionized with increasing temperature. The temperature has to be
sufficiently high to overcome strong Coulomb forces, which try to counteract
the decoupling. These forces lead to a collective behavior of free particles.

On the Earth’s surface the plasma state is rare, and can be found in lightnings or
flames. In the universe and near-Earth space 99% of all matter is in the plasma
state. There are various different types of plasmas depending on temperature,
density, and other characteristic parameters. Plasma can carry electric currents
and is sensitive to electric and magnetic fields. In space its behavior is less
determined by gravity or collisions, but instead governed by these fields.

The research on plasma physics has currently several fields. One is the under-

standing of natural plasmas in space, like plasma inside of stars or in near-Earth
space. Another is to generate plasma in laboratory and to possibly activate fu-
sion as a possible future source of energy.
While the measurement-methods of laboratory-plasmas are numerous, space
plasmas are more difficult to detect. In near-Earth space at least measurements
from satellites are available. It is actually a perfect natural lab for plasma
physics. The beginning of this research was initiated long ago by 2 main com-
ponents: the geomagnetic field and the beautiful aurora phenomenon.

With the invention of the compass the Earth’s magnetic field was discovered.
Much earlier the aurora phenomenon had already been observed and appeared
in literature in ancient times. The connection between these 2 was first sug-
gested by Edmund Halley. He believed that the aurora was directed along the
geomagnetic field.

1878 Henri Becquerel proposed a similar theory. Particles ejected from sunspots
were guided by the geomagnetic field, finally causing aurora.

Some years later in 1897 Kristian Birkland started his groundbreaking work on
geophysics with the first of three expeditions to northern Norway, to view au-
rora. From the data he deduced that during aurora large electric currents were



CHAPTER 1. INTRODUCTION 5

flowing along geomagnetic field lines.

Together with the invention of the vacuum tube and the discovery of electrons,
he was able to create a lab experiment of a magnetic dipole field inside a sphere,
an Earth-model. Electrons on the so called terella produced patterns, resembling
to the auroral zone. A Norwegian mathematician performed some calculations
on that dipole field and found the first hints of the radiation belts.

At the beginning of the 20" century the ionosphere was postulated, to explain
transatlantic radio transmissions and later verified with its 3 layers, D, E and
F.

The disturbances of geomagnetic field strength, detected on the ground, were in
1918 considered by Sydney Chapman as effect of a single charged beam coming
from the sun. This idea was corrected by F. Lindemann. A single charged beam
would be destroyed by electrostatic repulsion. The beam must be composed of
charges of both signs in equal numbers. The occurrence of a plasma was sug-
gested for the first time.

Then Chapman and Ferraro established the picture of solar plasma compressing
the geomagnetic field when it approaches the Earth, forming a cavity, which is
surrounded by the plasma. The magnetosphere was found.

The increase and subsequent decrease of the magnetic field strength was ex-
plained for the first time, today called a geomagnetic storm. In the 1950s the
exploration of the magnetosphere with the help of rockets and later satellites
began and led to rapidly increasing knowledge in that field. The bow shock, as
a shock of collisionless plasma in space was an interesting discovery and difficult
to explain at first. Electric and magnetic fields can act to a plasma in a way
similar to the effect of collisions.

Reconnection in the magnetosphere was proposed by James Dungey in 1961, as
an effect at the magnetopause on the dayside, linking field lines of the geomag-
netic field to the interplanetary magnetic field. The flux of solar wind plasma
is transported to the nightside until the second site of reconnection in the tail
is activated. All this is discussed more in detail in chapter

Two co-orbiting satellites, ISSE 1 and 2, found the first evidence of recon-
nection, when detecting accelerated plasma flows at the locations of interest,
the magnetopause and the magnetotail.

The reconnection phenomenon is a very complex process. To detect it and
make reasonable interpretation possible, more than 2 satellites are needed. The
Cluster mission provides the means of a whole Cluster, consisting of 4 satellites
flying in formation, detecting reconnection and other processes in key regions.
Still there are many, partly inconsistent theories about reconnection and a lot
of research is done on this topic.

In this thesis the search of reconnection events in Cluster data and their inter-
pretation is the main aim. A description of the Cluster mission can be found in
the following chapter

Encountered events dedicated to reconnection are discussed in the data-analysis.

In a reconnection process magnetic field energy is converted into plasma
acceleration. Maybe in the future knowledge about reconnection could be used
in other fields of plasma physics or other applications.



Chapter 2

The Cluster Mission

2.1 Cluster Mission

Figure 2.1: All 4 spacecraft of the Cluster mission [Esa]. [ERS97]

The Cluster Mission is a multi-spacecraft mission, composed of 4 spacecraft,
each identically equipped with eleven instruments for measuring scientific data.
The mission was first proposed in 1982 and after its pre-development presented
to the scientific community in 1985. In 1986 the ESA Science Program Com-
mittee selected the mission together with the SOHO Mission in their Solar
Terrestrial Science Program (STSP).
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The tetrahedral configuration was the idea of a French study and provides
the ability to measure small-scale plasma characteristics and its temporal and
spacial variations (in 3 dimensions). It was meant to view magnetospheric char-
acteristics, in both the polar cusp and magnetotail region, and the near-Earth
solar wind plasma. Therefore a suitable orbit plane was chosen to fulfill these
requirements.

The Cluster was launched in 1996 by the new built Ariane-5 rocket at Ko-

rou, French Gujana, during its maiden flight. Unfortunately the rocket was
self-destructed, when it came off course, due its intense aerodynamic loads, in
less then a minute after take off. All 4 Cluster spacecraft on board were de-
stroyed.
After many considerations about how to rebuild the mission to meet its scien-
tific goals, it was decided to build 3 of the spacecraft completely new and the
4th out of spare parts of the old mission. The latter was called Phoenix after
the famous bird arising from its ashes.

As a result of a public competition the spacecraft were renamed as Salsa,
Samba, Tango and Rumba.
On 16" of July 2000 the first 2 spacecraft of the Cluster Mission were launched.
On 9" of July the remaining 2 were launched. Both flights operated by a Soyuz
at Baikonur, Kasakhstan.

Each spacecraft is of cylindrical shape, 1.3 m high and 2.9 m in diameter.
It carries 6 spherical fuel tanks and 8 thrusters for small changes of orbit. The
electrical power supply consists of 6 curved solar panels around the cylinder and
5 batteries used during shadow transits.
Rod-shaped booms provide 2 antennas for communication, 2 sensors and 4 wire
booms operate as the spacecraft spins to measure the changing magnetical and
electrical fields.

The main goal is to measure small-scale plasma structures, their size and

shape, varying in time and 3-dimensional space in the key regions. These are
the bow shock, the magentopause, the polar cusp, the magnetotail and the au-
roral zone.
The spacecraft were launched into coordinated polar orbits forming a tetrahe-
dron with an apogee of 19.6 Earth-radii (Rg) and a perigee of 4 Rg in 2000 and
an orbital period of 57 hours. By crossing the plasma structures in a tetrahe-
dral formation a time resolution as well as a 3 dimensional resolution becomes
possible and it can be distinguished between temporal and spatial variation.

The first 4 years the orbits were maintained, with an apogee near the ecliptic
plane that causes the spacecraft to pass the plasma sheet at about 19 R during
a tail crossing. In this region, at the apogee in the Earth’s magnetotail, they
were forming a regular tetrahedron, whichs scale varied every 6 months, hence
each tail season (August to October).

In 2005 the strategy was changed. The regular tetrahedron-formation was aban-
doned. Instead Cluster 1, 2 and 3 were navigated into a triangular plane, sep-
arated 10000 km from each other, while the distance of spacecraft 3 and 4 was
1000 km perpendicular to the plane. The line of apsides proceeded toward the
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south pole making the Custer tetrahedron crossing the plasma sheet closer and
closer to the Earth each season.

In 2006 the spacecraft were again forming a regular tetrahedron, separated
10000 km from each other.

From 2007 on the multi scale strategy was readopted. It was proposed to find
a link between phenomena at different spatial scales.

Year | Tetrahedron Scale Size [km]

2001 2000

2002 4000

2003 200

2004 1000

2005 multi scale: 10000, 1000
2006 10000

2007 multi scale: 10000, 40
2008 multi scale: 10000, 3000
2009 multi scale: 10000, 500

Table 2.1: Inter spacecraft separation during central magnetotail crossing

100000 - 1

E — C1,0203 1

4 — o4 !

E I

g 10000 - :
3

o I

o I

= 1

g 1000 - -
o

. 1
8

§ |

= 100 - L]
2

= 1

]

@ cusp || Awroral zene 1

10 - B il @ Solar wind i

Jan-09 Jan-02 Jan-03 Jan-04 Jan-05 Jan-06 Jan-07 Jan-08 Jan-09 Jan-10 Jan-11

Date
Figure 2.2: Inter Spacecraft separation 2010. From [esa]

The scientific measurements started in February 2001. The mission was
originally planned to end in 2003 but has been extended several times, eventually
until 2012.

2.1.1 Instrumentation on Board

Here are the main components and short descriptions of the experiments on
board of each Cluster-spacecraft.
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Figure 2.3: Tetrahedral configuration and Cluster spacecraft [ERS97]
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Fluxgate Magnetometer
Measurement of magnetic field vector

Cluster Ton Spectrometry
Measurement of full 3D ion distribution; 2 sensors consist-
ing of:
CODIF Composition and Distribution Function Analyser
HIA Hot Ion Analyser
Precise measurement of both, the large flux ion beam of the
solar wind and the low flux ions in lobes of the magneto-
sphere

Electron Drift Instrument
Emission and subsequent detection of tracer electrons to
derive ambient electrical field

Plasma FElectron and Current Experiment
LEEA  Low Energy FElectron Analyser
HEEA  High Energy Electron Analyser

Electrical Field and Wave

Spatio-Temporal Analysis of Field Fluctuations

Waves of High frequency and Sounder for Probing of Elec-
tron density by Relaxation

Wide Band Data
Digital Wave Processing

Active Spacecraft Potential Control
To maintain electrostatic potential of spacecraft with re-
spect to ambient plasma at low level

Research with Adaptive Particle Imaging Detectors
2 spectrometers; position-sensitive solid state detectors
IIMS  Imaging Ion Mass Spectrometer
IES Imaging Electron Spectrometer
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FGM and CIS are the basic instruments used in the following analysis. Com-
bining the datasets, calculation of the electric field, with E =V x B, becomes
possible as well. It can be used as additional parameter and compared to mea-
sured data from EDIL.

WEC is short for Wave Experiment Consortium and includes all instruments
used for wave detection: EFW, STAFF, WHISPER, WBD, DWP.

ASPOC includes an ion emitter. Emission of indium ions stabilizes the fluctu-
ating potential.

RAPID additionally has a special mode for detection of neutral atoms.

2.1.2 Other Missions

There are also other missions closely linked to Cluster.

The Chinese Double Star Program DSP is one of these. It is a 2-
spacecraft mission, with similar objectives and instruments like Cluster and was
launched in 2003 and 2004 as a project of the Chinese National Space Adminis-
tration (CNSA). It is operated in collaboration with ESA. One of its satellites,
TC-1, is equatorial aligned (inclination 28° to the equator), the other, TC-2, is
polar aligned (inclination 90° to the equator). Compared to Cluster, the Dou-
ble Star orbits are closer to the Earth. Combining data from both, Cluster and
Double Star, yields better insight in physical fundamentals.

The Geotail Mission was launched in 1992 as a collaboration of NASA and
ISAS, the former Japanese space agency today known as JAXA. Its objective
is to study the geotail over a wide range of distance in between 8-200 Rg. Until
1995 it spent most of its time in the distant tail, with an apogee on the night-
side up to 200 Rg. In phase two the near-Earth observation was started and the
apogee reduced to 30 Rg. It was designed to find out more about processes in
the magnetosphere, especially the magnetopause, the plasma sheet and recon-
nection.

WIND was launched in 1994 as the first of 2 spacecraft. This NASA project
focuses on plasma and energetic particles outside the magnetosphere, in the so-
lar wind and was placed in an halo orbit around the Lagrange point L1, about
200 Rg sunward from Earth.

ACE is short for Advanced Composition Explorer, another NASA mission,
launched in 1997 and placed also around L1, to study particle distributions over
a wide range. It monitors high energy particles as well as low energy particles
and provides information about the space weather. It also includes a warning
system of geomagnetic storms.

THEMIS is a relatively young mission, started in 2007. The name stands
for Time History of Events and Macroscale Interactions during Substorms and
the mission consists of 5 identical spacecraft. In contrast to Cluster, they do
not fly in formation, but are spread across the tail. The aim is to collect data
during substorms, to find out more about the phenomenon of auroras and to gain
insight into severe magnetic storms, to protect infrastructure and astronauts.



Chapter 3

Basic Principles

3.1 The Magnetosphere

Planet Earth has a core, part of it is from liquid iron. Its fluid flows and cur-
rents cause a magnetic field that stretches out far beyond the Earth’s surface
into space. This magnetic field is bound inside a barrier that separates it from
an outer magnetic field which originates from the sun. The boundary separating
both fields from each other is called magnetopause and the inner region con-
taining the terrestrial magnetic field is the magnetosphere. The concept of the
magnetosphere was first introduced by Chapman and Ferraro. They concluded
that the solar wind flows around the Earth’s magnetic field and confines it,
forming a cavity, the magnetosphere.

The main components of the magnetosphere are

e magnetopause,

e plasma mantel,

e plasma sheet,

e neutral or current sheet,

e plasmasphere,

e ionosphere.

The influential structures outside the magnetosphere are
e bow shock,

e magnetosheath.

3.1.1 Magnetopause

The magnetopause separates the so called interplanetary magnetic field (IMF),
originating from the sun, from the Earth’s magnetic field, which from now on
is referred to as planetary or terrestrial magnetic field .

It acts as an upper boundary of the magnetosphere and is not symmetrical

11
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Figure 3.1: Magnetosphere
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around the Earth, because the Earth and its magnetosphere is to the solar wind
like an obstacle in space.

The solar wind is a flow of electrically charged particles, mainly Ht and He™*
ions, coming from the sun. It is a fully ionized plasma with a mean free path
of about 1 astronomical unit (AU). In such a collisionless plasma coupling and
transfer of momentum and energy is absent. It streams at a speed of about
400km/s (ranging from 300km/s to 800km/s) and is pervaded by the IMF.
When it approaches Earth it is deflected by the magnetosphere, which it cannot
cross, gets decelerated, compressed and heated. This deceleration slows the so-
lar wind down from supersonic to subsonic speed. This results in a shock wave
standing in space in front of the magnetopause, the so called bow shock.

While a classical gas flow has a defined speed of sound, the exclusive velocity
at which a sound wave can propagate, a plasma supports several types of waves
and therefore several velocities. The terms super- and subsonic are in this
context referring to one of those modes. The exact position of the magnetopause
in space depends directly on the solar wind’s plasma pressure and planetary
magnetic field pressure inside the magnetopause. It is the surface where the
plasma pressure of the solar wind and the magnetical field pressure from Earth
are in equilibrium

Pplasma = Pmag ) (31)
Polasma = pv? plasma, pressure,
BQ
Priag % magnetic field pressure. (3.3)

Due to the fact that the solar wind is not a static quantity as well as the
planetary magnetic field varies marginal with time, the surface changes position
and moves toward and away from Earth from time to time. Depending on the
solar activity it can be found at around 14 Earth radii (Rg) sunward from the
Earth, in between the Earth and the sun and ranges up to several hundred Rg
in the magnetotail, which is directed away from the sun, behind the Earth.

The solar wind flows around the magnetosphere at subsonic speed forming
a region of turbulent plasma outside the magnetopause, the magnetosheath.
The reason why the solar wind particles cannot enter the magnetosphere is the
frozen-in flux concept, which will be discussed later on. Its violation gives rise
to reconnection, a principle that allows magnetic field lines to be cut and recon-
nected to other partners of different origin and thus different plasma populations
to mix.

3.1.2 Geomagnetic tail

The gemagnetic tail is the region directed away from the sun. It contains
e the plasma mantle,
e north and south lobe,
e plasma sheet,

e current sheet,
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e x-line.

It is a reservoir of plasma and stretches out up to several hundred Rg.

The north and south lobes are regions of oppositely directed magnetic
field lines. The northern lobe field is directed towards the Earth and connected
to the magnetic north pole, while the south lobe field is directed away from
the Earth as it is connected to the magnetic south pole. The interface that
seperates these lobes carries electric currents, according to Ampere’s law and
thus is a current sheet, also called neutral sheet in this region

OE
V x B =pug (j-‘rﬁoat) , (3.4)

AB = I . (3.5)

The current sheet is relatively thin, compared to its other dimensions, and
can be described as a plane. It is in the center of the tail, embedded in the
much thicker plasma sheet, a region of hot plasma.

The plasma parameter 3, which is the ratio of particle pressure P, and magnetic
field pressure Pg, differs depending on the region in the tail

P nkT
8 = P—p = 5 - (3.6)
B o

Lowest [-values are found in the tail lobes, where the mean particle number
density is only about 0.03cm ™2 and below. While the temperature in the lobes
is high, it holds an extremely good vacuum of 1071° Pa (UHV).

The intermediate range of 3 is in between 0.25 and 2. Such values can be found
in the plasma sheet boundary layer (PSBL), the outer part of the central
plasma sheet. Here the density is about 10 times higher 0.3 cm™3, with an ion
temperature of ~ 4.2keV and an electron temperature of ~ 0.6keV.

High (-values 8 > 2 indicate the innermost part of the plasma sheet. When the

magnetic field is simultaneously weakest, nearly zero, we’re in the current sheet.

The plasma mantle is the outermost part of the geomagnetic tail. The
mantle plasma population originates from 2 different sources

- the magnetosheath,
- the ionosphere.

It was previously described that the magnetopause is a closed boundary and
no plasma or magnetic field can cross it. This is only true as long as the
frozen-in flux concept holds. When this concept is violated and breaks down we
find reconnection that allows plasma and magnetic field to cross this barrier.
Under special circumstances, when reconnection occurs, plasma from the mag-
netosheath can enter the plasmasphere on the day side. This process is called
dayside reconnection.

The magnetosheath plasma is guided along magnetic field lines toward the poles,
forming the dayside cusp population, where the magnetic field strength increases.
Due to the mirror effect, it is reflected back and leaves this region called cusp to
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be finally part of the plasma mantel. This plasma is relatively warm, ~ 300eV
consisting mainly of H" and He™™, compared to the mantles second plasma
source, the ionosphere. Ionospheric plasma is of only a few eV in temperature
and consists of O, He™ and H™.

As there is a magnetic field gradient in the lobes the mantle plasma is con-
vected along decreasing field strength toward the center plane while flowing
down the tail. At the center plane or current sheet the x-line is the second lo-
cus that allows reconnection to take place. The incoming plasma is accelerated
during reconnection and forms the plasma sheet population.

Tail reconnection has more symmetric plasma inflow than day side recon-
nection. From the north and south lobe incoming plasma has similar properties.
Only the outflow regions are different.

Earthward of the x-line the outflowing plasma is put on closed flux tubes. After
acceleration it moves fast to the north or south pole where it is reflected (mirror
effect) and bounces from hemisphere to hemisphere. Counterstreaming particles
thermalize each other after a few bounces and end up in isotropic plasma.
Compared to tailward accelerated plasma, it is denser and slower moving.
Particles that are accelerated away from Earth move along purely interplane-
tary magnetic field lines and ultimately rejoin the solar wind. So the outflow
region is split into earthward directed planetary and tailward directed purely
interplanetary flux tubes.

Depending on their energy particles escape tailward or are retained on the earth-
ward side.

3.1.3 Plasmasphere and Ionosphere

The inner part of the magnetosphere is rather symmetrically built around the
Earth’s surface. There are many different and partly overlapping layers with
different regimes of particles.

The ionosphere is a part of the atmosphere, starting above the stratosphere,
where ultaviolett light and x-ray ionize atmospheric molecules. It ranges from
about 50 up to 500 km. Depending on it’s radio wave propagation property it
is divided into D, E, and F layer. The topside ionosphere reaches out to a few
1000 km and feeds at mid-latitudes into the plasmasphere [DDi].

The plasmasphere arises from the ionosphere at altitudes, where the den-
sity is low enough to support and sustain a plasma, which is true for about
90 km above ground. The plasmaspheric population is dense and relatively cold
of only ~2000 K. It has a donut-like shape starting at the inner radiation belt
with its outer limit at up to ~4 Rg or 25000 km, the plasmapause [DDp|. The
plasmasphere is not static. Its shape and size are strongly dependent on space
weather conditions. Increasing space weather activity shrinks and distorts (plas-
maspheric erosion) the plasmasphere, while during inactivity it can refill to equi-
librium size.

The two radiation belts around the Earth are the Van Allen belts. Each
has a torus shape but inner and outer Van Allen belt don’t adhere the same
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kinds of particles. While the outer belt consists of energetic electrons coming
from the solar wind mainly, the inner belt is composed of protons and electrons
from both, solar wind and ionosphere. Apart from that both belts contain lesser
amounts of other nuclei like a-particles.

The belts are closely related to the aurora-phenomenon.

The outer belt can be found at 3-10 Rg with its maximum at 4-5 Rg and the
inner belt at 0.01-1.5 R [Wik].

VAN ALLEN RADIATION BELTS

INMER VAN ALLEN BELT OUTER VAN ALLEN BELT

Figure 3.2: Van Allen belts [DDV]

Plasmasphere

Radidtion Belt

Figure 3.3: Plasmasphere [BT90]
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lonosphere

Figure 3.4: Ionosphere [DDi]
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3.2 The Frozen-in Flux Concept

As it was mentioned before the Frozen-in Flux Concept is the reason why solar
wind plasma cannot easily enter the magnetosphere and is decelerated and de-
flected around it instead. This holds except for the case of reconnection when
the concept breaks down.

There are 2 possible ways to describe plasma dynamics: the Particle Description
and Magnetohydrodynamics. From the particle description some characteristic
quantities like gyroradius, gyrofrequency, Debye length or plasma frequency can
be derived.

The fluid description or Magnetohydrodynamics describes plasma properties in
a locally averaged form. We need a statistically significant particle number, time
scales long compared to microscopic particle motion like cyclotron motion or in-
verse plasma frequency and spatial scales large with respect to Debye length or
gyroradius [RK95]. Now we can apply basic conservation laws for energy, mass
and momentum.

To derive the Frozen-in Flux Concept, these basic magnetohydrodynamic equa-
tions are needed

0
L 8—[2 +V-(pv)=0 continuity equation, (3.7)
1
1L E+vxB=—j generalized Ohm’s law, (3.8)
o
0B
I11. VXxE= o Faraday’s law, (3.9)
V. V x B = poj Ampere’s law in MHD-limit. (3.10)

First step is to calculate the rotation of E in equation (3.9). With help of
equation (3.8) E is expressed. From equation (3.9) we get the current density
j- This leads us to the following equation

VxE:UiLOVx(VxB)—Vx(va)z—%]:’. (3.11)
Now the following 2 operator identities are used
Vx(vxB)=B:-Vv+v(V-B)—v-VB-B(V-v), (3.12)
Vx(VxB)=V(V-B)-V-VB=-AB. (3.13)
Due to the fact that the magnetic field is divergenceless
V-B=0, (3.14)

the right hand side of equation (3.13)) becomes equal to the second derivative of
B. Our equation (3.11)) turns into equation (|3.16]

0B 1
E—VX(VXB)——EVX(VXB), (3.15)
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0B 1
—+v-VB+B(V:-v)-(B-V)v=—-——AB. (3.16)
ot (o)

Now we divide by p

1 /0B B B 11
(+V~VB>—|—(V-V)—-Vv:—AB. (3.17)
p\ Ot p p p O Lo
From the continuity equation we get:
1 /0p
v=—-(== 3.18
V-v p (6‘t +v V,o) , (3.18)
with which equation (3.17) becomes
1 (0B B [dp ) B 11
| —=4+v-VB|-=S|=+Vv-Vp|]—— -Vv=———-AB. 3.19
P(at ) p2<3t ’) " p T Ho (3.19)
The first 2 terms can be simplified
0B B 1/0B B [(dp
98 yv2 (& B|-= (ZL4v. 3.20
8tp+v Vp p<8t+vv) 2(8t+v Vp) (3.20)
Our final equation is:
0B B B 11
S v.V= - = .Vv=--—AB (3.21)
ot p p P p ko

There are basically 2 possible cases:

a) in ideal plasma conductivity is infinite, 0 = oo, and the right hand side

becomes zero,
0B B B
=—+v-V———-Vv=0.
ot p p P

is the Lie derivation of fields E and
P

B
v. As it vanishes the field — is frozen into the plasma velocity v. We

The left-hand side of equation (|3.21

interpret this as magnetic ﬁelpéi lines being convected with the plasma flow
itself. After some time plasma still finds itself on the same magnetic field
line as before. Therefore as the flow cross section area widens and narrows
the number of field lines it is pervaded with is constant,

<I>:/BdS.

The total magnetic flux ® crossing the surface S remains constant. If S
shrinks or stretches, magnetic field lines move closer or apart and respec-
tively the field weakens or strengthens.

(3.22)
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A flux tube is a spatial volume where ® is constant along any cross section
within it. Equation (3.8)) can also be used as frozen-in flux condition if its
right side is zero,

E+vxB=0 frozen-in flux condition. (3.23)

As a consequence all particles initially on a flux tube remain linked as
they convect.

Actually plasma moves along magnetic field lines, but in the frozen-in flux
concept field lines can be thought of as moving with the plasma flow. This
behavior is well known from fluid mechanics.

There is the notion of vortex line and vortex field in a frictionless fluid
which fulfills the following equation

w=Vxv. (3.24)

This is analogous to the frozen-in flux condition (eqn. [3.23)).
Concerning an ideal plasma (o — o00) the next equation is in analogy to
equation (3.15)), as its right-hand side becomes zero

a—W—Vx(vxw):O. (3.25)
ot
This provides the chance to use all theorems that are true for hydrody-
namics to be true for ideal plasma as well. One of these is that vorticity
is propagated by the flow and that vortex tubes are characterized by the
same masspoints moving with the flow. In MHD we call this flux tube
w==.

p

b) For non-ideal plasma the conductivity is finite.

The frozen-in flux concept leads to large uniform regions of plasma, separated
from neighboring regions by thin current sheets such as the magnetopause or the
neutral sheet in the magnetotail. Different plasma populations and magnetic
fields cannot mix easily. Hence the solar wind cannot enter the magnetosphere
except if the condition breaks down, which is true for reconnection.

Actually equation is just an approximation. To describe processes in
the magnetosphere and outside of it further terms might be important. If there
is a current, j X B causes the Hall effect, which is small in this regions. In
the ionosphere and plasmasheet sufficient currents are expected, and we do not
neglect it. Perpendicular to the magnetic field there should be no current.



CHAPTER 3. BASIC PRINCIPLES 21

Bow Shock
i o Magnetopause
> & X
—)
o
—) "
1
1]
Solar » !
Wind

Magnetosheath

Figure 3.5: Closed magnetosphere. Solar wind cannot enter it and is deflected
around it instead, [RK95].
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Figure 3.6: Magnetic field line frozen into plasma flux of velocity v for time tg
and time ¢; > t¢ [BP0O7].

3.3 Reconnection

3.3.1 Basic x-line picture

The concept of reconnection was first proposed to explain rapid plasma heating
in solar flares. Its more profound effect is probably that, due to the violation
of the frozen-in flux concept, plasma from different sources can mix when cross-
ing current sheet boundaries like the magnetopause or the neutral sheet in the
magnetotail.

A direct consequence of the frozen-in flux concept are thin current sheets that
separate regions of different magnetic fields and plasma regimes. In equation
(13.8) we used a simple form of generalized Ohm’s law. The complete formula is
this

me 0

1 1 1
II. E+vxB=—-j+—jxB-—V-P.+—_. (3.26)
o ne ne ne2 ot

This more complicated form contains not only the resistive term % j, but addi-
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tional the Lorentz force or Hall term j x B, an electron-pressure term and a time
variation of the current density j. It can be derived from momentum equation
of electrons and ions.

For weak currents, slow variations and vanishing pressure gradient these addi-
tional terms can be neglected and the simple form of equation can be used,
which was the case before.

When it comes to current sheets, where sufficient currents occur, these terms
become important and the frozen-in flux concept breaks down.

First one thought that magnetic flux, for example in the lobes of the mag-
netotail, diffuses down the field gradient towards the current sheet, where it
annihilates with oppositely directed magnetic flux from the other side of the
plane carried by plasma. The problem in this picture is, that there is only
plasma inflow, but no outflow. To solve this problem we reduce the plane of
annihilation in between the different regions to a single line the so called x-line.
Now the magnetic field is not zero across the whole plane that separates the re-
gions, but only along this single x-type neutral line. For a steady state (% =0)
a spatially uniform E, is needed

0B
- VxE= i 0 Faraday’s law, (3.27)
for the x-component
0E,
=0. 3.28
P (3.28)

This field drives flow inward from top and bottom and outward perpendicular
to it. Around the x-line there is a small region called the diffusion region
(DR). Here scales are small and MHD breaks down locally. Instead of being
annihilated, magnetic field lines enter this region from top and bottom, are
cut and reconnected to new partners from the opposite side of the plane and
finally leave to both sides. A consequence of this is that plasma originating from
former— due to the frozen-in-flux concept— separated regions, is being mixed as
it is found on a totally new type of flux tube. This is an open boundary with a
finite normal magnetic field component. Plasma can cross it by simply following
flux tubes.

Even though the diffusion region is very small, the process affects the whole
new flux tubes and therefore the entire regions it connects.
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Figure 3.7: Reconnection of 2 oppositely directed magnetic fields, blue and red
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Figure 3.8: Basic x-line picture [RK95].

3.3.2 Fluid description of reconnection

As it was mentioned there are 2 possible ways to describe reconnection

- fluid description,

- kinetic description.

At first there was the classical approach of 2 dimensional reconnection via
MHD. Unfortunately this approach had multiple deficiencies like the particle
heating mechanism, the breaking condition for the frozen-in flux concept and
the onset problem, and had to be further improved several times. Let’s go back

to the beginning.

The term of reconnection was introduced by Dungey in 1953. He was inter-
ested in the processes that lead to particle acceleration in the Earth’s magneto-
sphere [BP(O7]. With an MHD-approach he introduced thin current sheets where
diffusion of magnetic flux takes place. Magnetic field lines are cut and change
connectivity to one another. He called this process disconnection followed by

reconnection.
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Sweet-Parker model

A few years later Sweet (1958) and Parker (1957) developed a quantitative model
for steady-state reconnection in 2 dimensions for an incompressible plasma. Re-
connection of course occurs in the current sheet, which was thought to be of
global scale length.

The problem that occurred in this picture was the low inflow speed and accord-
ingly the small reconnection rate, much to low for processes in solar flares to
take place. Instead of the few minutes of observation time they would take tens
of days to grow. The model needed to be improved.

The inflow speed can be determined by the following equation

1 1)
Vi = VA=

\/§ ~ Z’UA 3 (329)

v;. .. inflow speed,
v4...Alfvén speed.

S = poLovya is the Lundquist number and L the global sale length of the
current sheet. Often S is referred to as the magnetic Reynold’s number R,,. In
astrophysical and space plasmas S is very large (S > 10°) and the inflow speed
becomes very slow. The outflow speed is the Alfvén speed v,. A quantitative
measure of the reconnection rate is the Alfvén Mach number, the ratio of inflow
to outflow speed. It prescribes the rate at which magnetic flux changes the
topological domain. In the Sweet-Parker model the rate becomes

(] 1
My o 75 (3.30)
hence very low.

The approximation on the right-hand side of equation shows that if the
ratio of width ¢ by length L = A of the current sheet, as the site of reconnection,
wasn’t so small, the inflow speed would increase dramatically. This is exactly
what the next model is about.

Figure 3.9: Sweet-Parker model of reconnection [RK95]. L >

Petschek model

In 1964 Petschek proposed a model with increased reconnection rate associated
with a reduced length of the current sheet respectively the region of reconnec-
tion, the diffusion region. He did this by encasing it in an exterior field with
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global scale length L and also introduced 2 pairs of standing slow-mode shocks
[BPOT7]. The diffusion region is reduced to a dot in the center. Emanating from
it are 4 shock waves, where an abrupt change takes place

- magnetic field strength decreases,
- magnetic flow speed increases,
- and the normal component of the flow velocity drops.

The slow-mode shock waves are current sheets at the same time, needed to
change magnetic field and flow speed by the Lorentz force term j x B. Thus
most plasma does not need to pass the diffusion region to be accelerated. It
passes through the shock waves instead, where it is accelerated in the so called
convection region, where MHD is still valid. This increases the inflow speed
significantly. Also this is an energy conversion from magnetic energy to accel-
eration and heating of plasma and produces two hot outflow jets.

\\\J/?//
SNy
s IR B :'::—':r‘,l:f_dl—v

é”%\\ N

Figure 3.10: Petschek model [RK95]. Dashed lines are shock waves. Outflow
is accelerated at shock waves, apparent in narrowing field lines, while magnetic
field lines are further apart in the outflow region leading to a decrease in field
strength.

Sonnerup

Sonnerup (1970) introduced a further set of shock waves that compress both
the magnetic field and plasma in the inflow region. These shocks are fast-mode
shock waves that divert the flow direction. This process is completed at the slow-
mode shocks where the largest increase of flow speed occurs [RK95]. External
boundary conditions define the location of the fast mode shocks. This model
further increases the limit of the maximum inflow speed found in Petscheks
solution.

Forbes and Priest

Forbes and Priest (1986, 1987) found a general solution. It includes Petschek’s
as well as Sonnerup’s solutions as special cases governed by boundary conditions.
Reconnection becomes a more macroscopic problem as external conditions in-
fluence it. They were generalized and a family of solutions was found.
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Figure 3.11: Comparison of models: (a) is the Sweet-Parker model, (b) Petschek
introduced slow mode shocks, (c) Sonnerups model includes additional a set of
fast mode shocks. In (d) Sonnerup and Priest showed the effect of reconnection

to the flow. [RK95]
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(c) Hybrid Expansion (O<b <2/7) (d) Hybrid Expansion (2/7<b <1)

L ot [ T
N\Wi wﬁﬁwﬁ W

(e) Sonnerup (b =1) (f ) Flux Pile-up (b >1)

Figure 3.12: Different boundary conditions, indicated by parameter b, of Forbes’
and Priest’s unifying model. Dashed lines are streamlines, solid lines are mag-
netic field lines. [RK95] From Forbes and Priest (1986)
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3.4 Where does Reconnection occur?

What was first observed and measured concerning magnetospheric flows in the
atmosphere was a double-vortex flow pattern, which transports plasma from
noon toward midnight over the polar region and back to the day side at lower
latitudes near the auroral zone. This cycle is found on both the dusk and dawn
side and is stationary at sun fixed coordinates. Due to its similarity with the
flow in a raindrop driven by the air surrounding it, it was called convection
and this was also the first explanation with the solar wind corresponding to the
external force of the air.

plasmasphere
dayside

plasma sheet /

polar rain ring current

24

Figure 3.13: Double-vortex flow pattern of convection [ST9S].

Dungey 1961 proposed an alternative explanation. A reconnection site at the
magnetopause sunward of the Earth. Suppose the interplanetary magnetic field
is predominantly southward, while the magnetic field inside the magnetosphere
is directed from south to north. These antiparallel fields form an x-line giving
rise to reconnection. The IMF-field lines and the purely magnetospheric field
lines are cut and reconnected and two open field lines form. Each connected to
the Earth at one end and stretching out into space at the other. An electric
field is sensed all along these flux tubes.

E= vsw X BSW SW .. .solar wind (331)

At the ionosphere the field is directed from dawn to dusk and drives the flow
and field lines from noon toward midnight. Subsequently the field lines are
drawn out to form the geotail and would end up somewhere in the solar wind
flow if there wasn’t any process to close the field lines. This actually happens
at a second reconnection site in the geotail, the neutral line. An open field line
from the southern hemisphere reconnects with another open field line from the
northern lobe and again two new field lines are formed. One is the required
closed field line that keeps the magnetic flux and plasma in the geomagnetic
field and directs it back on either the dusk or dawn side at lower latitude to the
day side. The other field line is purely interplanetary and ends up as part of
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the solar wind.

This yields as well the observed flow pattern but is of course not a steady pro-
cess. Reconnection rates at the day side magnetopause and the neutral line in
the geotail would have to be instantaneously equal, but they rarely are.

Fairfield and Cahill (1966) showed that the magnetospheric activity is mod-
ulated by the north and south component of the IMF.

Dungey’s hypothesis is the basis for all following descriptions of magneto-
spheric physics and shows the importance of reconnection to the dynamics and
transport in (and outside) the magnetosphere.

Auroral Zone

Figure 3.14: Model of Convection [RK95]. Flow pattern as observed from the
Earth and its corresponding field lines moving through numbered regions across
the magnetosphere. Reconnection occurs at the front of the magnetosphere,
connecting the IMF-line 1’ and the planetary field line 1, and in the tail con-
necting 6’ and 6, both planetary field lines.

3.5 Magnetospheric Substorms

The processes in the magnetosphere as described before are not in a steady
state. Its time evolution is called magnetospheric substorm.

The evolution is modulated by the IMF on a 1-2 hour time scale. First the mag-
netosphere is in a ground state as the IMF is directed northward. The substorm
is initiated with an IMF southward turn, which activates day side reconnection.
The day side reconnection rate is the amount of magnetic flux merged per unit



CHAPTER 3. BASIC PRINCIPLES 30

time. It depends on the number of southward oriented interplanetary field lines
in contact with the magnetopause and thus on the solar wind velocity. In quiet
periods the IMF is predominantly northward oriented and convection ceases.
The reconnection rates at magnetopause and in the tail need to be equal, but
only on average not instantaneously. At this point in time the distant x-line in
the tail is relatively inactive with little or no reconnection activity.

The day side magnetopause moves in toward Earth up to 1 Rg. Flux eroded
there is transported into the magnetospheric tail, where radius and field strength
increase. Only part of the flux is reconnected and convected back to the front
side immediately. The not jet reconnected part of the flux is added to the tail
lobes and leads to a growth of magnetic field strength, which is accompanied
by growing current in the current sheet, according to Biot-Savart’s law. Field
lines are stretched and the plasma sheet receives a more tail like form.

This is the initial growth phase, which lasts about some tens of minutes.
The current in the near-Earth current sheet (~ 10Rg) becomes concentrated
in a 500-1000 km thin layer -in ground state about 300 000 km- and develops in
intensity.

When too much magnetic flux and energy is accumulated in the tail, it becomes
unstable. This is the substorm onset and the beginning of the Expansion
phase. A new neutral line is formed, where plasma is compressed and heated.
At a distance up to 30 Rg it is called near-Earth neutral line (NENL), while
the distant neutral line (DNL) is situated at 100-200 R downwards. The large
region between these two neutral lines is a topologically new structure, the
PLASMOID. Tts field lines are neither terrestrial nor interplanetary. Either
they form closed loops or, if the magnetic field inside has a dawn-dusk compo-
nent, a 3 dimensional helix. At the top of the atmosphere a sudden and intense
flux, the aurora phenomenon is triggered. The expansion phase lasts about 30
to 60 minutes.

When ionospheric currents start do decrease and the near-Earth reconnection
ceases the substorm activity settles and the recovery phase begins. The near-
Earth neutral line moves down the tail and finally becomes the distant neutral
line. The plasmoid moving down the tail finally is ejected and rejoins the solar
wind at a speed between 400 and 800 km/h. This recovery process takes 1-2
hours and ends when the magnetosphere is in a quiet state.

If the southward IMF persists longer than a few minutes the whole system
evolves through a series of substorm cycles, each about one hour. Together they
show the main characteristics of a magnetic storm, for example the worldwide
decrease of magnetic field strength on the ground.
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Figure 3.15: Phases of magnetospheric substorms [BT96].
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Chapter 4

Data Analysis

In this chapter we will see how Cluster Mission data is used to find out more
about reconnection in the near-Earth magnetotail. The objective of this study
is to perform a search on a certain amount of data, distinguish between useful
and less useful results, optimize search criteria and use best results for statistics
to find out more about profound physical basics.

4.1 Data

First let’s have a look at data and the way it is measured and processed. There
are 3 datasets being used:

e AUX
e FGM
e CIS

Cluster Active Archive

Data can be downloaded by every scientist from Cluster Active Archive
(CAA) after registration. The Cluster Active Archive is a depository of pro-
cessed and validated high-resolution Cluster data, raw data, processing software,
calibration data, documentation and other value added products [CAA].
It also provides a set of services like advanced search, data visualization, holds
support information and documentation. The data visualization tool, the graph-
ical product on the website, will be used in this thesis as well.
From October 2001 on exists one file per day and dataset available in CDF
format (Common Data Format) as well as CEF (Cluster Exchange Format).
The CEF-format is intended to be used for exchange of science data between
instrument teams. CDF format is a product by NASA/Goddard Space Flight
Center and is free to all users. CDF is a scientific data management product.
In table are examples of filenames. These are the filenames of July 15t
2001. Auxiliary-data includes information on all 4 Cluster-spacecraft and the
filename starts with CL. FGM and CIS datasets are in separate files for each
spacecraft and the filename starts with C and the number of the spacecraft. The
last term stands for the version of the dataset. A higher version number means

32
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’ dataset \ filename \ sampling rate
AUX CL_SP_AUX_20010701_VO02.cdf 1 min
FGM C1_PP_FGM_20010701_VO01.cdf 4 sec
CIS C1_PP_CIS_20010701_VO03.cdf 4 sec

Table 4.1: Overview of downloaded datasets, their filenames and sampling rates

that the data was reprocessed and improved several times. In data-analysis the
highest available version was used. The currently latest possible version is V03.

In this thesis the software used to perform data analysis is MATLAB. To
read data stored in a CDF file the Patch cdfread was used. This patch can
be downloaded for free from NASA’s web page http://cdf.gsfc.nasa.gov/
html/matlab_cdf_patch3.html, where a short manual can be found as well.
It converts the dataset into a MATLAB-structure, with field names referring to
its data-vector content stored in cells.

4.1.1 Auxiliary Data AUX

Auxiliary data contains information about the spacecraft position. Data is taken
by Cluster on a one minute time base. The absolute position refers to a reference
spacecraft, which is spacecraft Cluster 3. Specification about Cluster 1, 2 and
4 is given in relative distance to Cluster 3. The file also contains metadata.

Coordinate Systems

The position data in AUX-data-files is given in GSE coordinates.

Geocentric Solar Ecliptic System GSE is short for geocentric solar eclip-
tic system. In this coordinate system the x-axis is pointing from Earth towards
the Sun. The z-axis is chosen to be perpendicular to the ecliptic plane, in the
same sense as the ecliptic north pole. The y-axis, perpendicular to both and
completing the right-hand coordinate system, points in the ecliptic plane from
dawn to dusk. The system has an annual rotation about the sun, compared to
an inertial system.

It is used for interplanetary magnetic field observations, displaying satellite tra-
jectories and solar wind velocity measurements.

As we are mainly inside the magnetosphere collecting data, we need a coor-
dinate system better attached to the Earth itself.

Geocentric Solar Magnetospheric System This Coordinate system, short
GSM, is much more suitable for measurements inside the magnetosphere.
The x-axis is directed towards the sun in the same sense as in GSE. The y-axis
is perpendicular to the magnetic dipole axis, hence in the magnetic equator also
pointing towards dusk. The x-z-plain contains the dipole axis. The z-axis is the
projection of the dipole axis on a plane perpendicular to x.

It is used for all components of the magnetosphere like magnetopause, mag-
netosheath, magnetotail and also to determine the positions of shock waves like
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the bow shock.

Therefore AUX-data was recalculated to GSM coordinates. This was done
using the function GEOPACK_GSMGSE. The transformation matrix is of the fol-
lowing form :

1 0 0
0 cosfd —sinf
0 sinf  cosf

GSE and GSM mainly differ in the alignment of their z-axis. The GSE coor-
dinate system rotates about the sun, while its z-axis is constant in space. GSM
coordinate system also rotates about the sun each year in the same way, but its
z-axis is not constant in space. The difference between the systems is a rotation
about the x-axis. # is the tilt angle between the 2 z-axis’. This angle cannot
easily be deduced because it is dependent on both, an annual and a diurnal
variation. To transform from GSE to GSM the exact date is needed.

The function GEOPACK_GSMGSE can recalculate the coordinates not only from
GSM to GSE but also from GSE to GSM.

[X,Y,Z]=GEOPACK_GSMGSE(x,y,z,j)

The variables x, y and z are coordinates or vectors of coordinates in either
of the systems.
j determines the direction of the transformation. It has to be +1 in case of
transformation from GSM to GSE or —1 for GSE to GSM.

GSE— GSM : j= -1
GSM— GSE : j= +1

After transformation to GSM-coordinates, the unit was changed from km to
Earth radii Rg. Because the distances are large, this unit is more useful in
this context. It is a simple division by Rp = 6380km. This is not the exact
value, in particular because of the ellipsoidal shape, but for this purpose suffi-
ciently accurate. To go back to the exact value we simply multiply by this value.

Rr =6380km

The auxiliary data file contains the complete orbits. To analyze reconnection in
the near magnetotail, the orbit data apart from the tail is needless. So we cut
it out. The criterion for keeping useful orbit data is

r< —-8Rg .
Auxiliary data is taken on a one-minute time base. This resolution is rela-

tively low, compared to other datasets, but by far high enough, as it is a slowly
varying parameter.
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Figure 4.1: Coordinate systems
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At = 1min

In the function autoAUX.m these calculations are performed. The CDF-data
files are loaded for each day of one month and one spacecraft, processed and a
MATLAB-structure is generated. The structure array is of the following size:

1 x days_of_month: 1 x 31 ...July, August, October
1 x 30 ...September

Each day of month is stored in one structure-element with its index correspond-
ing to the number of day. The structure elements contain 1- or more-dimensional
arrays, as values in the following fields:

field names: Time
timenum
SC_xyz

In the Time-field a cell array containing date-strings of the original dataset
can be found, given in universal time, UT.

Via the MATLAB-function datenum a datestring, a datevector or an array of
either of these can be converted to a serial date number. This was done to
produce the field timenum. Of course these two fields are redundant but in this
case it was done for safety issues, only for this one dataset and abandoned in
all further. If the datenum-function was not available for any reason anymore
the comparison of these fields could replace it.

The last field’s value, SC_xyz, is the position of the spacecraft in GSM co-
ordinates. It is a 3-dimensional vector of x, y and z coordinate-values in its
columns. The number of row corresponds to the same row in the row-vector of
the timenum-value. Therefore it is very important that the rownumber as well
as the total number of rows matches.

N = datenum(M) MATLAB-function; M is a string- or a n x 6-vector
str(9) .timenum calls the vector of timenumbers of day 9 of month

The structure can only be stored as 1x1 struct. It is stored in a MATLAB-
data-file with the file name composed of AUX, the number of the year, the name
of the month and to distinguish between spacecraft, SC and the number of it.
For September 2002 and spacecraft 3 it is:

AUX2002septemberSC3

4.1.2 Fluxgate Magnetometer Data FGM

The Fluxgate Magnetometer provides measurement of the magnetic field. On
each spacecraft are two tri-axial fluxgate magnetometers with an on-board data-
processing unit. Magnetometer sensors are mounted at the tip and, to minimize
magnetic field interference from the spacecraft, inwards at 1.5 m of a 5m radial
boom. This architecture is highly fault-tolerant. Besides a high vector sample
rate (up to 67 vectors per second) and even a high resolution (up to 8 pT) can
be achieved.
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Concerning the time-resolution a 4 second dataset was used. This is of course
not the same resolution as in auxiliary-data. So the first step was to resample
the datasets. The method used was one-dimensional linear interpolation.

This yields very good results because the spacecraft-position is a non-fluctuating
continuous and slowly varying parameter. The integrated MATLAB-function
interpl was applied.

YI =interpl(X,Y,XI)

The AUX-dataset time is the input variable X and AUX-data position is Y.
In XTI the demanded new time data-values are inserted, hence the time-data
of the FGM-dataset. The function’s output are the newly calculated position-
values corresponding to FGM-time and resolution. The original FGM-dataset
values of the magnetic field are stored in GSE-coordinates. To adjust to GSM-
coordinate system, the data is transformed in the same way as before (see[4.1.1)).

Also we calculated the new variable B_tot, the total magnetic field:

Btot == w/B:% + B; + Bg (41)

All recalculated and new variables and values were stored in another structure,
built in the same way as before with these field names:

field names: FGM_t
FGM_xyz

B_xyz

B_tot

The field FGM_t is the time-data of the original FGM-dataset converted to
a datenumber. FGM_xyz is a 3-dimensional vector of the same length, in its 3
columns the coordinate position value of x, y and z coordinate.

B_xyz is the 3-dimensional vector of magnetic field measurements in nT.

The structure is stored in a MATLAB-data file, named similar to the auxiliary-
data structure:

FGM2003juliSC4

This is the data file of July 2003 of spacecraft 4. There is no overwriting of
an auxiliary-data file.

4.1.3 Cluster Ion Spectrometry CIS

The Cluster Ion Spectrometry or Comprehensive Ion Spectrometry provides
plasma data.

Full 3-dimensional ion distributions are obtained in this experiment, which con-
sists of two distinct instruments. The Hot Ton Analyzer, HIA, and the COmpre-
hensive DIstribution Function analyzer, CODIF. Together they cover the full
range of particle distributions of interest. The HIA is useful for measurement
of particle beams, such as the solar wind, while CODIF shows the distribution
of major ions like HT, He™, He™™ and O™ at a range of 0.02 to 40 keV/e. Also
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other parameters are calculated by an on-board data-processing unit. All mea-
surements provide good time resolution of one spacecraft spin, which equates
to 4 seconds.

Here we use data processed and measured from CODIF. Energy, velocity-vector
V, angles and counts are measured. Taking these the on-board processed mo-
ments are approximated by sums over the distribution function instead of inte-
grals. Particle density N; , six components of the momentum flux tensor and
the heat flux vector are gained. The table shows an overview of moments.
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In the next table there are parameters we used, taken from CIS-data:

’ name \ quantity \ unit ‘
t time string
N_p particle density of protons cm ™3
Vp_xyzGSE | velocity of protons in GSE-coordinates | km/s
T_ppar temperature of protons parallel MK
T_pperp temperature of protons perpendicular MK

Table 4.2: Parameters in CIS-dataset CDF-file. The names are introduced in
the program, during execution.

With a sampling rate of 4 seconds the resolution is equal to FGM-data, but
the instruments are not synchronized. Again a resampling is necessary. This
time a nearest-neighbor interpolation is applied.

As a consequence, the time difference in magnetic field and plasma values is at
most £2 seconds.

To maintain both, the time of magnetic field measurement and of plasma dis-
tribution measurement, both values are saved in separate fields.

The velocity vector V contains the x, y and z-coordinate in its columns in GSE
coordinates. They are transformed to GSM-coordinates also using GEOPACK_GSMGSE-
function.

Additional some new quantities are calculated in the function autoCIS.m.

Vie= g (4.2)
V, = V-V, (4.3)
2T T
T o= 7L3+ ” (4.4)
Pplasma = Np kB T (45)
BQ
ma, = 5 4.
Pmag 9 Lo ( 6)
Pplasma
/8 = —_— 4.7
Pmag ( )
Dtot = Dplasma 1 Pmag (4.8)
E — -VxB (4.9)

V| is the plasma-velocity parallel to the magnetic field B, while V is the
velocity perpendicular to it.

T is the plasma-temperature calculated from the quantities 7} and 7', .

The plasma or thermal pressure, Pplasma, is given by the ideal gas equation.
The magnetic pressure, Pmag, is caused by an external magnetic field B and
simply adds to the thermal pressure of a plasma, yielding the total pressure,
Piot- In equilibrium for an isotropic and quasineutral plasma the total pressure
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is constant and the plasma beta is defined as the ratio of thermal and magnetic
pressure (see Appendix).

Low [-values (8 < 1) are found where the external magnetic field is strong
compared to the thermal pressure. High S-values (8 > 1) occur when the field
is weak, for example in the neutral sheet. This parameter is very suitable to
decide, whether to be inside the neutral sheet or not and will be an important
criterion in this context.

The last parameter, calculated from velocity and magnetic field, is the electric
field E. It is not necessary to calculate it, as it is measured by the EFW | Flec-
tric Field and Wave-experiment of the Cluster Mission, but for this purpose the
accuracy achieved by the calculation was good enough. Also it could be used
to compare it to the measurement.

Again everything was stored in a new structure with the following fields:

FGM_t time of FGM-value

FGM_xyz position of spacecraft

B_xyz magnetic field; x,y,z-component
B_tot total magnetic field

CIS_t time of plasma parameters

N_p particle density of protons
V_pxyz ion-velocity in GSM-coordinates
Vxyz_pperp ion-velocity perpendicular to magnetic field
T temperature of plasma

beta plasma beta

E_xyz electric field 3-dimensional vector
p_plasma plasma pressure

p_total total pressure

and file name
CIS2004augustSC4
for the file of August 2004 of spacecraft 4.

Unfortunately the CIS-experiment on spacecraft Cluster 2 was damaged soon
after launch, in an early state of the mission. As a consequence the plasma data
is only available for the other 3 spacecraft.

4.1.4 Curlometer

The special feature of the Cluster Mission is a 4-point measurement in space.
Difference measurements of the magnetic field can be used to derive a range of
further parameters like gradient, current density vector, wave vectors or curva-
tures.

Depending on the scale-size of an observed or expected phenomenon L, com-
pared to the spacecraft-separation R;;, there are 3 different techniques:
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Curlometer L > Ry
Wave Telescope L~ R;;
Discontinuity Analyzer L < R;;

Magnetic reconnection is a small-scale phenomenon. To calculate the current
density the Curlometer-method is used.

From Maxwell’s equation, MHD-equation IV, the current density vector can be
calculated from the curl of the magnetic field vector:

IV.  VxB = uj (4.10)
9B. 0By
0 0z

VxB= %é/x _9B: (4.11)
98, I8,
ox dy

According to [Khu96|] the spatial gradients can be related to differences in
the magnetic field measurements and the inter spacecraft distance in the follow-
ing way.

First choose one spacecraft to be the mother spacecraft, let this be spacecraft
one for example, which acts as a reference point for all difference calculations.
The other spacecraft are so called daughter spacecraft.

We have 4 vector measurements, each at a vertex of the tetrahedron, B; =
(Bwi7 Byi; Bzz) (fOl” 121,2,3,4)

A Taylor serious expansion about the center of mass 0 can relate spatial gradi-
ents to the measurements. The magnetic field at the point 0 is eliminated by
subtracting out magnetic field components of spacecraft 1 from the magnetic
field components of the other three spacecraft:

0B 0B 0B
Byo1 = Yd —d —d 4.12
21 o7 T21 + oy Yo1 + oz 221 ( )
0B 0B 0B
B, = —¥4q —Z dy: —%q 4.13
31 o7 r31 + oy Y31 + a2 231 ( )
0B 0B 0B
B, = —¥4q %4 —%q 4.14
41 oz T41 + ay Ya1 + 92 241 ( )

Bgi1. . . difference between x-component mother spacecraft 1 and daughter space-
craft i
dx;;. .. distance between spacecraft i and mother spacecraft 1

These equations relate the differences in x-component of the magnetic field and
the spacecraft separations to the first order gradients of B,.

OBy
B2y dza1 dysr dzon .

5B,
Byzi | = | dxsr dysi dzs Téf (4.15)
ng41 d.’L‘41 dy41 d2’41 %7@
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By inverting the distance matrix we obtain

aB,

76%30” az1 G211 421 Byo1

o0 - = asz; a31 asy Ba31 . (416)
aa; (41 Q41 G41 B

In the same way y- and z-component are treated and spatial gradients are gained.
Now curl B can be calculated and the current density vector obtained. Addi-
tional we can calculate the divergence of B,

0B,
9
B,

V.B-=
o8,
0z

(4.17)

It is a good error-estimator, due to the fact that the magnetic field should be
divergenceless.

This procedure is executed in the function rotdivB.m.
[curl_xyz,Div]=rotdivB(FGMC,eveday,t_anf,t_end)

The function can be used to determine the rotation and divergence values, for
either a single point in time or for a vector of time values, a time interval.

The input variable FGMC is a (1 x 4)-cell with the element’s index corresponding
to the spacecraft number, of which a structure of data is stored in. The struc-
ture fields need to contain the values of time, magnetic field and position, e.g.
for spacecraft 2:

FGMC{2}.FGM_t
FGMC{2}.FGM_xyz
FGMC{2}.B_xyz

The fact that the 4 spacecraft measurements are not taken simultaneously ne-
cessitates synchronization. If there is only one input argument, FGMC, it must
contain a single point in time only and no synchronization has to be made. For
a data-vector of several time values further input arguments are needed: the
day of month eveday and optional the starting time (t_anf) and ending time
(t_end) of the desired interval. For data-vectors of times a nearest-neighbor
search is performed. The maximal time-shift is 2 seconds, as data has a 4
second-resolution.

Due to the fact that information on all 4 spacecraft is needed at once to
calculate j this function is only used when necessary and the parameter is not
calculated in the data-structures of FGM or CIS. The unit is changed during
execution from the input unit of position [Rg| and the input unit of magnetic
field, B, [nT] to [pT/km], as the unit of rotation and divergence.
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4.2 Event Search

Observations and detection of magnetic reconnection in the magnetotail using
Cluster mission data has been discussed and evaluated in a couple of studies
in the past. Several reconnection events have been published and are approved
exemplary encounters of reconnection.

The successive search of reconnection signature in Cluster data and its statisti-
cal interpretation was the objective of this study. What are the best criteria to
find reconnection events? Reconnection has well known effects, but is the detec-
tion of such enough to be sure about the encounter of a reconnection event and
which are other processes causing similar signatures? These were some of the
basic questions to deal with, which occurred before and during the data analysis.

The signature of an x-line reconnection event in the magnetotail is well
known. At the x-line magnetic field lines are disconnected and reconnected to
different partners. The magnetic field can be canceling but shows a reversal in
z-component (along x-direction). The reconnecting field line earthward of the
x-line points northward and the fieldline tailward of the neutral line is directed
southward due to the magnetic topology of the lobes .

B
B Inflow
-——., ™ ™— T ¥r S . Separatrix
_ B lOuthow

_o}old (oloczorofox

Inflow t’
z
Earthward X Tailward

Figure 4.3: X-line

Outflow

Newly reconnected field lines leave to both sides, tail and earthward. They are
pulled away like gum strings, converting magnetic energy into acceleration of
plasma. This is observable as plasma jets characterized by significant flow ve-
locities in positive or negative x-direction. A spacecraft crossing the diffusion
region or its vicinity encounters a reversal of significant flows correlated with
the reversal in B,.

Another criterion, we choose to determine in what part of the tail the space-
craft is, is the plasma beta. A high plasma beta of above 0.5 indicates that the
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spacecraft crosses the plasma sheet or even the current sheet. This is the region
we want high speed flows to be measured in case of reconnection. So finally
we want high-speed flow reversal in x-direction with correlated B,-reversal, all
taking place in and close to the current sheet. The velocity-vector is split in 2
vectors: V-parallel V|| and V-perpendicular V| .

V| is the velocity parallel to the magnetic field while V| is accordingly per-
pendicular to the magnetic field. In the middle of the current sheet, there
should be magnetic field only in z-direction (and y-direction) and flow mainly
in x-direction, hence basically perpendicular flow velocity, as there are hardly
any parallel components. Outside the current sheet the magnetic field adjusts
systematically to lobe-topology and the z-component decreases. At the bound-
ary of the plasma sheet flow in x-direction becomes more and more parallel to B.

Concluding the reconnection-signature:
e B, -reversal

e reversal of high speed flow V|,

e high plasma beta values 5 > 0.5

Observed reconnection events do not follow exactly the same pattern or ap-
pear in the same way. What method is the best to find all events, no matter
how they occur in detail. Now one has several options.

First we performed a search to find significant negative B,-values, B, < 10,
occurring in the outflow region of the x-line. Small negative values can be caused
by oscillations or an effect of the coordinate system, while such values can not
easily be explained that way. The Earth’s magnetic dipole field is directed from
south to north and positive B,-values are expected. Significant negative values
are therefore an evidence of B,-reversal.

This resulted in only very few events. On the other hand small negative values
can indicate reconnection as well and all these events are lost in this procedure.

4.2.1 [B>2,|V.i] > 300] -Events

The typical signature of an x-line event is B,V, > 0.

We started to find all plasma jets. An appropriate threshold is [V .| > 300
km/s. Additional only times where plasma beta is 5 > 2 were retained.

The result was a list of all points in time, for which significant flow and a rel-
atively high plasma beta are fulfilled simultaneously. Like significant negative
B,-values are an evidence of B,-reversal, flow events are an evidence of accel-
eration, only the acceleration mechanism is not instantly apparent.

This collection of data is split into events. An event is a sequence of times
that meet the criteria and consecutive times are within 30 minutes. Thus one
event is separated from the next by at least 30 minutes. Only exception is a
change of day. Later on we will refer to an event only by the time it starts and
ends. Also the event is not assigned to a special spacecraft, but it is noted which
spacecraft detect the same event or rather a coinciding event, at about that time.
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The search is performed in the program eventsuche_vx.m. Concluding the
criteria:

e [V, >300km/s
o 3>2
e time separating distinct events: > 30 min

We apply this search to data available for the following years:
2001, 2002, 2003, 2004, 2005, 2006, 2007,

during the tailseason, from July to October, per month. Results are stored
in a structure, for each month and one spacecraft with the filename:

Vperp_x_EVENTS< year >< month >< Nr_SC >

< year > is a string of the number of year, < month > is either juli, august,
september or oktober corresponding to month 7 to 10, respectively. < Nr_SC >
is of course the number of spacecraft, 1, 3 or 4. Cluster 2 offers no plasma-data
for the search.

The 1x < daysofmonth >-structure consists of several fields:

event_anzahl total number of events found for one day of month
and spacecraft

day day of month only if events are found that day

event 1 X n-structure of n events

< daysofmonth > is 30 or 31 depending on the month and its number of days.
The field event_anzahl has an index for each day which contains the number
of events found that day. If no events are found that day, the field is empty.
Just like the field day, which only contains the number of day, if any events
have been found. The event-field is also a structure with fields:

event_ind
Vperp_xmax
Vperp_xmaxind
t_min
eventanfang
eventende
B_xyz_minind
B_tot_minind
N_p_minind
T_minind
beta_minind
E_xyz_minind
V_xyz_minind
Vperp_xyz_minind
FGM_xyz_minind
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Each event of the day is one index of the structure, for 2 events of day 28
for example it is a 1 x 2-structure. The value in field event_index is a vector of
indices. These indices correspond to the indices of the values in the CIS-data-
structure, of the specific day that were filtered out.

Supplementary some main-values of the event were saved in the structure: the
maximum value of |V .| during the event Vperp_xmax and its index
Vperp_xmaxind, the time belonging to that value in t_min, the beginning
eventanfang and the ending-time eventende of the event, and other plasma
and magnetic field values of the time of maximum of |V |, denoted by the
parameter’s name with an ind attached to it.

The next step was to compare the encountered events of different spacecraft
to each other. For this purpose all events, no matter which spacecraft they were
detected by, are listed. Events of different spacecraft that are within ten min-
utes, based on the time of maximum flow-velocity, are saved as a single event,
only once. The program named eventlist_month_vx_perp not only extracts
or concludes the events and aborts copies, but also saves the list as a matrix
of start and ending time, time of maximum absolute flow and its corresponding
plasma and magnetic field values in the file

Vperp_x_EVENTmatrix< year >< month >all.

One column in the list reveals, what spacecraft the event was detected by and
the measured values in the list belong to. An additional column notes, which
spacecraft also detected events within 10 minutes of the maximum value.

The list is the basis to plot the events and have a look, whether our criteria, to
filter the required events, succeeded.

4.3 Eventplot

Detection of reconnection is not an easy task. Since reconnection is a complex
phenomenon and Cluster can only utilize a limited observation region, various
detection-patterns, caused by reconnection, are possible. There is no typical
pattern one can expect to find in data. Thus a simple pattern recognition
program wouldn’t work and the resulting events of our search were inspected
visually.

A plot program eventplot_month_vx_perp.m was developed to plot the events
of the list of each month separately. We decided that the average time of a
reconnection event is about an hour and took that value as the plot range for
all parameters. Taking the time of maximum flow-velocity in x-direction as the
center and plotting 30 minutes before and after that time was chosen to yield
the 1 hour time span. Of course some events can not be fully covered by a
1 hour plot, but for a first selection of reconnection events it is long enough
and more convenient than longer periods of time, especially because of a higher
resolution of time in the plot.

Each plot has a high number of panels. Almost all parameters of the CIS-dataset
including the magnetic field were plotted one below the other.

One plot consists of 13 panels with 14 parameters displayed. From top to
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panel | parameter unit

1 B, [nT]

2 B, [nT]

3 B, [nT]

4 Btot [HT]

5 (Vx B)y and V- B (pink) | [pT/km]
6 E, [mV/m)]
7 V. [km /]
8 Vi [km /]
9 Vy [km /s]
10 V. [km/s]
11 N [cm™?]
12 [T [MK]
13 8

Table 4.3: List of panels of the plot created in the eventplot-program

bottom these are shown in the table [4.3]

What are the main parameters to look at?
First of all we have a look at B, and V. Whether they have a reversal and if
it is correlated or not.
Then we want to know, if we are in the current sheet. The parameters § and
Jy, respectively curl B, can reveal that. The plasma beta should be high as
in our criterion and if sufficient currents flow, as expected in the current sheet
mainly in y-direction, this parameter should also be high. But what does high
mean in that context? That’s why we're plotting the divergence of B in pink
color in the same panel, number 5. The result of rotation B is only reliable if
the divergence is small, using the Curlometer method. Multiplying curl B (in
pT/km) by g, yields the current density in nA/m?2. The main current sheet
has a typical thickness of 1-2 Rp and the current density is in the order of some
nA/m? [BT96]. For thin current sheets, for example near the x-line, the current
density can be even higher.
Another indicator, how far the spacecraft is from the neutral sheet, is B,. In
the neutral sheet the entire x-component of the magnetic field is expected to
vanish. When passing the neutral sheet, B, should decrease and |B,| should
increase. Sometimes this is not the case for B,. One reason may be that the
coordinate system is tilted with respect to the actual alignment of the tail at
that time. It does not fit the tail system like in theory, due to its variation with
the solar wind-influence.
If the current sheet is thin, B, may be high even if the measurement is taken
in its vicinity. A spacecraft travelling parallel to the current sheet may even
detect increasing B, when passing a reconnection region or x-line.
Typical values of the particle density are found in table [{:4] If the particle
density is low, the spacecraft is in the lobes. Though if the particle density is
high the spacecraft is not necessarily in the plasma sheet or current sheet. High
values are also expected in the magnetosheath. Nevertheless N has to be high
while passing the plasma sheet.
Temperature and plasma beta are in logarithmic scale.
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’ Region \ N [em—3] \ B [nT] \ I} ‘
Magnetosheath 8 15 2.5
Tail lobe 0.01 20 31073
PSBL 0.1 20 1071
CPS 0.3 10 6

Table 4.4: Typical values of particle density N, magnetic field and plasma beta,
expected to be found in different regions in the magnetotail. PSBL is the plas-
masheet boundary layer in between the plasma sheet and the tail lobes and CPS
is the central plasma sheet. [RK95]

A Bg-reversal indicates a current sheet crossing. Positive B, is found in the
north-lobe and negative in the south-lobe, where the magnetic field is directed
away from the Earth.

The parameter B, is about zero in mid september, when the spacecraft has a
noon midnight orbit and is therefore in the middle of the tail in y-direction. In
the region away from midnight a B -component appears due to a slight tilt of
the magnetic field toward the radial direction from the Earth. B, can also be
an indicator of a Hall-magnetic field.

If a negative B, is found the field is pointing dawnward in y-direction. For a
positive By > 0 it points duskward.

Last but not least a missing reversal in B, can also be caused by an offset-error.

In a first sort out procedure all events were visually inspected and those,
which had none of the required characteristics were discarded. The remaining
events were classified as either pink or yellow events.

Pink events are high speed flow-events that don’t show reversal in B, but
sometimes with disturbance in B,. Therefore they are not typical reconnection
events, but plasma has been accelerated by some cause maybe related to recon-
nection.

Yellow ewvents are those, which include both, B.-reversal and flow-reversal.
In some cases the B, reversal was very small and not very clear. All these inter-
esting events were inspected in detail using additional plots available at Cluster
Active Archive (CAA).

Sometimes B,-reversal is found together with the reversal of high speed flow
and is nevertheless no x-line event. An o-line event has a similar signature like
an x-line event. The o-line is a neutral line in the center of a plasmoid, the
closed loop fieldline formed structure occurring during substorms.

There are various phenomena with similar signatures, but different physical
origin. One of these is the so called flux rope. A flux rope moving past the
spacecraft causes a bipolar B, -variation. A closed-loop plasmoid is a specific
type of a flux rope. Its size depends on the formation process and the location
it is detected. They are observed in a broad range of sizes.

A plasmoid forming in between the near-Earth x-line and the distant x-line is
often driven tailward at high speed.
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These large plasmoids can be measured in a wide region around the central
plane. Inside the plasmoid the field lines form closed loops and the magnetic
field strength is small and zero in the middle. The magnetic field outside is
compressed by the plasmoid and the field strength increases. Due to its form
Cluster measurements can show a reversal in B, even if the spacecraft are far
from the current sheet, together with a plasma flow, carried by the plasmoid.
In such a case it is helpful to look at the current density j,. If the current
density is small, the spacecraft is not in the current sheet, hence it cannot be a
reconnection event, or x-line.

Another example of flux ropes is produced by multiple x-line reconnection. This
leads to the formation of islands, multiple magnetic loops. Often they increase
in size as they move downtail. Small flux ropes are associated with high speed
flow. An earthward flux rope is called busty-bulk-flow-type flux rope, while a
tailward travelling one is called plasmoid-type. In all places in a flux rope the
current is field aligned, j x B = 0.

If we are in the current sheet discovering an o-line phenomenon, B,- and the
flow-reversal are anticorrelated.

Another possible encountered effect, causing B,-reversal, may be localized re-
connection or field aligned currents.

In a localized reconnection process a non-zero guiding field (B,) produces a re-
versal, when it gets twisted in the middle of the current sheet by a plasma jet.
The resulting signature is a B,-reversal together with increasing flow speed.

A plasma bubble is a structure with field aligned currents, transporting flow be-
yond the current sheet. Due to its structure positive and negative B,-orientation
is produced. The alignment of currents in the bubble is very similar to the sub-
storm current wedge. The current wedge forms together with the near-Earth
neutral line. Tail-like field lines collapse to form a dipolar configuration, asso-
ciated with the field dipolarization caused by x-line reconnection.

We tried to avoid taking these similar signatures into account in our x-line fil-
tering procedure. O-line events are classified as pink.

There are also high speed flow events caused by a solar wind detection. In-
dicated by a high B, value and a high particle density IV, or a change in IV, the
spacecraft crosses the outer boundary of the magnetosphere, the magnetopause,
and detects solar wind particles and high speed flow.

In 2006 the orbit was changed and the Cluster formation crossed the current
sheet at a smaller distance of around 12 Rg.

To check the yellow events again and more in detail to decide if they are
likely to be really x-line encounters we used the CAA graphical product. On
the website http://caa.estec.esa.int/caa_graphics/graphics.xml, after
login it is possible to plot up to seven panels of different parameters on demand.
This was done for all yellow events, using the pregenerated one-hour plot option,
showing the following panels of table from top to bottom.

The time range was again chosen to be half an hour before and after the max-
imum of flow. Sometimes, when data gaps of Cluster 3 appeared, the upper
two panels were changed from Cluster 3 values to values of Cluster 1, keeping
the same parameters and instruments. In other cases additional plots of longer
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\/

x-line

——

Plasmoid

5

Figure 4.4: Simple 2-dimensional view in xz-plane. X- and O-lines are the dots
in the center, each building a line perpendicular to the plane of the figure in y-
direction. The plasmoids inner structure may be much more complicated. The
red and blue colored arrows are emphasized to show the magnetic z-component
reversal, which is found in both x- and o-line encounter. It is also apparent that
in the central plane the z-component around the o-line is oppositely directed
to the one around the x-line. The plasmoid, also carrying plasma-flow as it
moves, can cause a z-component reversal of the magnetic field even away from
the central plane (dotted line).



CHAPTER 4. DATA ANALYSIS 52

before reconnection after reconnection

> 10
Scale Size Scale Slze !

S0R, 3-5R Resy |
le l By By : /)
T

B, T ' B z t B, € = / i
1.0 ~. : ry
- . T ®) 100 50 0 5.0 10.0
Plasmoid Plasmoid Flux Rope E
Witha Flux Rope Core 5
a b c -

BzinT]

TCR NENL TCR

Sx® %@W

TCR OPEN TCR

Nlfeel

2000

A MXR RECONNECTION | &'
X

1200 |

v lkm/sl

800 |

100

. %
1 180

Figure 4.5: In i) different forms of flux ropes together with their signature are
shown. ii) is an outline of multiple x-line reconnection MRX. In iii) the localized

reconnection process is illustrated. Red lines are reconnected and green lines
are current sheet field lines.[SNRT08]

time-periods were created, if the event-time of interest seemed to extend longer
than one hour.

The upper 2 panels show the magnetic field component of interest B, and the
velocity V. The next 4 panels contain PEACE plots of the electron energy
spectrogram of all 4 Cluster measurements. These are used to check, whether
electrons have been accelerated or not. The last panel displays the energetic
electron spectrogram of the RAPID measurement on Cluster 3.

Together with the original plots, the newly created plots were used in a sec-
ond sort out procedure. It was distinguished between 3 different groups: again
a group of yellow events, standing for the best events found, a group of orange
events and white events.

An event was classified as an orange event, if the flow and B,-reversal were
uncorrelated.

White events were those with flow reversal, but only an offset-B,-reversal,
meaning there was no real B,-reversal, but a B,-signature similar to reconnec-
tion. Considering an offset-error such an event would be a correlated reversal
and therefor an x-line event.

v [Re]
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shortcut instrument

B, | C3 FGM SPIN | Cluster 3 FGM-data in GSE-coordinate

V. | C3 CIS PP Cluster 3 CIS-data in GSE

El | C1 PEA electron Energy spectrogram (omnidirectional) of PEACE
on Cluster 1

E2 | C2 PEA electron energy spectrogram (omnidirectional) of PEACE
on Cluster 2

E3 | C3 PEA electron energy spectrogram (omnidirectional) of PEACE
on Cluster 3

E4 | C4 PEA electron energy spectrogram (omnidirectional) of PEACE
on Cluster 4

Ee | C3 RAP energetic electron spectrogram (omnidir.) of RAPID on
Cluster 3

Table 4.5: Plot-parameter used in CAA graphical plot tool

And yellow events, looking like perfect x-line like events with correlated re-
versal in flow and B, .

Some of the former yellow events were even downgraded as pink events be-
cause it was discovered that one of the reversals was not clear enough.

Finally 50 events were retained as typical x-line like, yellow events. Those
were used for further investigations.

NORTH
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Figure 4.6: Possible causes of B,-reversal are plasmoids like the travelling com-
pression region (TCR) in a), or a plasma bubble in b). Both taken from
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4.4 Best Events

For the best x-line like events, the group of yellow events, one more specification
had to be made.

The search algorithm filtered out all data meeting the flow-criterion of |V .| >
300 km/s with 8 > 2 and merged them to different events, as described before.
Only an actual event doesn’t start with 300 km/s-flow, but before. The same
is true for the event-ending, which takes place a little after the high speed flow.
Our events started with the first data point of the criterion and ended with the
last of the specific event.

But what is an appropriate procedure for automation to find the real beginning
and end of an event? Several procedures were considered, examined and com-
pared to each other for a limited number of events.

The fact that we now already had the approximate time of an event simpli-
fied thinking about possible criteria. The plasma beta was not needed anymore
as the criterion for the current sheet. Due to the fact that in the current sheet
zero flow-velocity is hardly found at any time, except for flow-reversal of course,
the quiet time velocity was estimated as about 100 km/s, or in other words the
onset time of an event.

Criterion: [V .| >100 km/s

The problem with this criterion was that the length of an interval and the
duration of the event became very long, much too long for a real x-line event,
because the criterion was met very often. So we decided to choose a value in
between the quiet-time 100 km/s-value and our high speed threshold value of
300 km/s.

Criterion: |V 1| >200 km/s

The results in this case were better, but unfortunately in many cases totally
inappropriate and not corresponding to the real onset and end time of the event.
As one last option we simply tried out the 300 km/s threshold, even though this
would not lead to the expected time. The difference to the original event search
criterion was only the absent plasma beta criterion.

Criterion: |V .| >300 km/s

Compared to the original criterion, all of the considered methods could not
provide significant improvement of the estimated time. So we took the list from
the original search criterion and compared it to the visual estimation of start
and end time. Some events were left unchanged in their times, but many were
changed to better visual estimations. This was of course only possible due to
the small number of final yellow events of 50.

In the following we will have a look at some of the events, representative for the
results in the list of yellow events, before the discussion of statistical results.
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4.5 Examples of Yellow Events

Here are some examples of the event-plots, classified as yellow or x-line like
events. In each panel there are multiple lines. The black line is the parameter
measured by Cluster 1, red is Cluster 2, the green line is data from Cluster 3
and blue corresponds to Cluster 4, according to the general convention.

The vertical line marks the time of maximum flow in our criterion, together
with 0 > 2.

The pink stars in the last panel indicate the automatically determined starting
and ending time of the event.

In panel number 6 (from top) the pink line is the divergence of B, V - B, cal-
culated with the Curlometer method and is an estimator of the reliability of
the simultaneously calculated rotation of B, V x B. The closer the divergence
approaches zero, the more we can trust the value of the rotation, which is the
other line in this panel, in color of the spacecraft that encountered the event.
Data gaps were not interpolated and are visible as interruption of the lines. For
cumulative gaps the line seems to be dotted sometimes.

4.5.1 Event on 14" August 2002

During the tail season of 2002 the Cluster satellites were forming a regular tetra-
hedron, 4000 km separated from each other. In August the orbit is not yet in
the midnight meridian, but on the dusk side.

The event starts with the upcoming tailward flow at 3:58 UT, accelerated to
a perpendicular velocity in x-component of more than 600 km/s. This flow is
correlated with a negative B,-value of up to -9 nT (Cluster 3). At 4:12 UT an
earthward flow is enhanced with a maximum velocity of 1445 km/s at 4:14 UT.
Again the flow is correlated with a positive B,. Due to many data-gaps the flow
was mainly detected by Cluster 4. In the uppermost panel it becomes clear that
all spacecraft enter at the beginning of the plot from the north lobe and change
the lobes at the beginning of the interval of interest. Especially Cluster 4 has
several neutral sheet crossings during this interval, which lasts until 4:18 UT.
So the satellites are temporarily in different hemispheres. Together with the
fact that intense current is present, we are for sure in the thin current sheet and
a reconnection event has been detected.

Also the interval start- and end-time detection, denoted by the pink stars in the
last panel, was satisfying and corresponds well to the actual interval duration.
During the entire interval there is another flow reversal at about 4:12 UT. The
reversal is also visible in B,. This shows that the events are not as simple as
expected in theory.

4.5.2 Event on 28" August 2002

An even clearer example of a reconnection event is the one on August 28 2002
starting at 9:53 with the encounter of a strong earthward flow of -645 km/s
(V 1.) detected by spacecraft 4. Cluster 1 and 3 also detect a tailward flow, but
mainly in the full V,-component and only a smaller value in the component
perpendicular to the magnetic field. The flow is again well correlated with a
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negative B,-value of about -10 nT, seen by all satellites. The B, progression is
very clear at that time.

The flow reversal takes place at 10:06 UT first detected by Cluster 4 and time-
shifted by Cluster 1 and then 3. This correlates very well with the sequence of
the neutral-sheet crossing (panel 1). Cluster 4 changes the hemisphere before
Cluster 2 followed by Cluster 1. Cluster 3 crosses the neutral sheet at last. The
positive flow is accompanied by an instant change of B, to a positive value, but
not strong at first. At 10:15 UT B, shows a quite complicated structure.There
are several reversals in B,, more than in V.

The flow continues but not steadily and during that period B, is at maximum
12 nT. For a good event, we hope to find maxima of B, and V, occurring at
the same time. This is not the case here. One reason for this may be lobe-
reconnection, or simply a complicated configuration.

The event ends at around 10:29 UT. At maximum flow times intense currents
are obtained. The particle density N shows a decrease during both, tailward and
earthward flow, associated with the character of a plasma jet being a tenuous
flow.

4.5.3 Event on 13" September 2002

In mid September the orbit is close to the noon midnight plane. The event starts
at 18:08 UT with a tailward flow. Its maximum speed is detected by spacecraft
4 with a velocity of 1244 km/s (18:10 UT). The correlated negative B,-value is
-10 nT at most (Cluster 3). About 10 minutes later significant earthward flow
starts, with a lower maximum speed of 780 km/s, again detected by Cluster 3.
The z-component of the magnetic field changes to a positive value, in analogy
to the theory, with a maximum of about 8 nT. The fast flow activity decreases
shortly, for about a minute, during a period of reversal of B,, and restarts when
the magnetic field component is positive again. Here B, is more complicated
than usually. This is typical for an o-line or plasmoid signature.

The B,-panel reveals the lobe changes, especially for Cluster 3 several times
and the very simultaneous fast flow detections during the neutral sheet cross-
ing. The current is also significant and reliable, due to the small divergence
(pink), during the entire plot period. The particle density becomes small dur-
ing flow activity, showing the tenuous state of plasma.

At the time of the tailward flow Cluster 3 is found in the south lobe, while all
other spacecraft are mainly in the north lobe. For these spacecraft a negative
By-value is found, hence they see a dawnward directed y-component, while Clus-
ter 3 sees a dusk-directed positive B,,. It seems that the formation probes the
close vicinity of the diffusion region, as the separatrix is occasionally in between
Cluster 3 and the others.

In this case the automatic detection of the start and ending time of the interval
yielded a very good result, apparent in the pink stars in the last panel, which
stand for the interval-limits.

The near-Earth neutral line (NENL) is often found in between 20 and 30 Rg
down tail. Due to the orbit, the Cluster satellites observe many earthward flows.
When we find the reconnection signature, we often see tailward flow first, fol-
lowed by earthward flow. This can be associated with an x-line propagating
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downtail, or equivalent Cluster moving earthward relative, to the x-line.

In all examples it becomes clear that plasma data of Cluster 3 is noisier than
other spacecraft data. In the z-component of the velocity and in particle density
it additionally has a relatively high offset. In order to minimize its influence, we
mainly concentrate on Cluster 1 and 4 in the following statistical evaluation.
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Chapter 5

Statistics

Now that we have found 50 events, we assume to be caused by an x-line recon-
nection process, they are statistically investigated in order to get more insight
in both, our selected encounters and the physics of reconnection.

Our main demand has always been the correlated reversals of B, and [V | ,|. Ac-
cording to these two parameters we implemented two strategies to characterize
an event:

B.-criterion: during the event interval the times of minimum and maximum
magnetic field z-component are identified. The value of minimum and
maximum flow are taken at exactly these times. They are not calculated
separately, thus do not necessarily correspond to the absolute minimum
and maximum during the period.

V,-criterion: instead of the magnetic field component the times of minimum
and maximum flow velocity are checked and the value of B, is taken at
these times.

So there are two different ways of treating each event. For each strategy a
datasheet or matrix of the 50 final events was generated that lists all important
parameters taken at the time according to the chosen criterion. It also shows
the datagaps as NaN-entries, which cannot be used in statistics.

Statistics are performed for spacecraft 1 and 4 only. Cluster 2 provides no
plasma data and Cluster 3 is too noisy in its plasma parameters.

Also not every plot of the statistic makes use of data from all 50 events because
there are several data gaps, which diminish the available set of values.

At-Plot

An interesting question is, whether earth or tailward flow is detected first. For
this purpose the time difference of the flows was calculated.

At = tearthward — ltailward (51)

Negative values are received for events beginning with earthward flow. For both
spacecraft and in both criteria the histogram-plots show an asymmetry. In each

64



CHAPTER 5. STATISTICS 65

plot there are more events detected beginning with tailward high speed flow.
The result can also be used as an estimate of the average time of a reconnection
event.

Cluster 1 detects in B,-criterion 10 events beginning with earthward flow and
36 events start with tailward flow in. For the V-criterion the ratio is 6:40, for
earthward beginning to tailward beginning flows.

For Cluster 4 the results are almost the same. 10 events are starting with
earthward flow and 37 start with tailward flow in B,-criterion and 5:42 in V-
criterion.

The asymmetry is very clear in both criteria and for both spacecraft in the same
sense.

The majority of detected events starts with tailward flow.

AV-Plot

Another histogram plot was created for AV, the difference in the absolute value
of the tail and earthward flow-velocity in x-component.

AV = [Vg| = |Vr| (5.2)

[VE| is the earthward flow in x-direction and |Vr| stands for tailward flow.

An interesting fact is that the results depend on the criterion used to determine
the flow velocity. For the V,-criterion there are almost twice as much events
with a positive value, thus a higher absolute earthward velocity. For spacecraft
4 this is even clearer than for Cluster 1.

The result is completely different in B,-criterion. There is obviously no asym-
metry. For spacecraft 4 there are even more events with higher tailward velocity,
see table 5.1

This also proves that the criteria cannot be treated equally. The result of the
Vx-criterion is that the earthward flow velocity is higher than tailward flow
speed.

In the table the ratio of negative to positive AV -values is shown,

AV <0:AV > 0.

AV SC1 SC4
B, -criterion | 19:21 | 24:23
V,-criterion | 15:26 | 16:31

Table 5.1: Ratio of negative to positive values AV for Cluster 1 (SC1) and
Cluster 4 (SC4) in both criteria.

AE-Plot

The symmetry of the reconnection rate or the acceleration of the plasma jet was
examined in a AE-histogram plot. Due to the fact that

E = VxB (5.3)
E, = -V,B, (5.4)

we only need to look at the y-component of the electric field. Is there a difference
in the electric fields accelerating plasma in the outflow regions? Again this
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is totally dependent on the criterion we use. In V-criterion the difference is
significant. The electric field and so the acceleration earthward is stronger than
in tailward direction. In B,-criterion this is not the case.

To create a histogram-plot we proceeded as before.

AEy = [Ey[p — [Ey[r (5.5)

Again subscript E stands for earthward and T for tailward.

For Cluster 1 we at least have the same tendency in both criteria. In B,-criteria
there are 18 negative values and 22 positive, hence more events with stronger
earthward acceleration. This is even clearer in V,-criterion with a ratio of 11:30,
negative to positive.

Cluster 4 shows ambiguous results. In B, criteria the ratio is 26:21 and so a
reversed tendency than before and than in V,-criteria with a ratio of 21:26.

It seems that there is no asymmetry in the reconnection electric field between
earthside and tailside.

B,V -Plot

Next we'll have a look at the events themselves. Do they really correspond to
x-line encounters in both criteria? To show the correlation B, was plotted over
V.. What is expected are data in second and fourth quadrant because here is for
positive flow velocity B, > 0 and respectively for negative flow velocity B, < 0.
All in all the data shows the desired characteristics.

There are several outliers. The outliers with higher absolute values in quadrant
1 and 3 are likely to be the signature of a plasmoid encounter or an o-line instead
of an actual x-line. Outliers near the x-axis in B,-criteria can be reduced if small
absolute B,-values are sorted out and only events with higher |B,| are retained.
Concerning the outliers, it is found that in 3 of 4 plots the number of earthward
travelling plasmoids is smaller than the number of tailward moving plasmoids.
Also they are not equally distributed. Only in B,-criterion of Cluster 1 this
trend is not found.

In general plasmoids move slower than pure x-line plasma flow. This is because
the plasmoid is formed in between 2 x-lines, which accelerate flow in opposite
directions. A moving plasmoid has to overcome the counteracting force of one
of the x-lines to perform an effective translation in one direction. In B, criterion
it is more likely to include plasmoid signatures than in V,-criterion. That’s why
we take results from V-criterion more serious in general.

Jy-Plot

To display the information on the current density, j, was plotted over V. High
current density means that the current sheet is thin.

To show different dependencies two different kinds of the plot were made. A
red-green color plot and a multicolor plot.

One plot was colored depending on the B,-value of the data. Green color shows
positive B, and red points denote negative B, values. In this red-green plot
it is immediately obvious, which data don’t have the desired behavior in B,-
V,-correlation. Red points on the positive semiaxis of V, and green dots on
its negative semiaxis correspond to B,-values with opposite sign than their V-
values and should be neglected.
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Another plot was created, colored depending on the year the events occurred.
This was done because of the different scale size of the tetrahedron each year. If
the measurements are depending on the year, the current density is influenced
by the spacecraft separation, due to the local measurement method. In that
case one expects a linear dependency on the spacecraft distances, ranging from
200 km to 4000 km. During the years the separations of the spacecraft are as
shown in the table.

The inter-spacecraft distances during the years 2001 until 2004 are in the
table . In 2005 the tetrahedron was not regular. So events of 2005 were
not included.

Year | Separation [km]
2001 2000

2002 4000

2003 200

2004 1000

Table 5.2: Scale size of the tetrahedron from 2001 to 2004

A correlation would therefore have to show the following pattern.
2003 > 2004 > 2001 > 2002
blue > yellow > red > green

The values obtained from calculating mean and median values for each year

are in the table (5.3)).

SC1 2001 | 2002 | 2003 | 2004
Mean 6.3 4.2 8.5 4.3
Median | 4.2 3.2 8.3 5.0
o 5.4 3.2 7.8 1.9

SC4 2001 | 2002 | 2003 | 2004
Mean 6.6 6.5 8.8 7.7
Median | 5.4 4.0 6.5 6.5
o 4.8 13.2 | 9.3 4.1

Table 5.3: Results of the per-year calculation of j,, including mean-values,
median-values and standard deviation o, for Cluster 1 (SC1) and Cluster 4
(SC4) measurements.

Both, mean and median values have indeed an appropriate pattern, but the
dependency of j, is not linear with distance. No typical scaling factor has to be
introduced.

Negative j,-values are not expected, but obtained. Small values can be ex-
plained by fluctuations and the insufficiency of the curlometer method. Strong
negative values of the current density are more difficult to explain and need to
be looked at in detail.
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In 2003 the minimum separation of the Cluster of 200 km was present. A slight
tilt of the current sheet can easily lead to detection of negative currents at such
small distances of the tetrahedron-formation.

AZ-Plot

To find an estimate of the current sheet thickness a new parameter AZ was
introduced. It is the ratio of the lobe magnetic field Biope and jj,.

BO e
AZ = kb (5.6)
Jy
An approximation for the current density is
AB, .
A Jy - (5.7)

Az is the entire current sheet thickness and corresponds to the calculated AZ-
value. To determine it, mean values are generated.

Additional the median was calculated, which is helpful to reduce the influence
of outliers.

Due to the units of Bjope nT] and j, [nA/m?], a multiplicative factor of 796 is
needed to get the result in [km)].

In close vicinity of the x-line, in the diffusion region, MHD is not valid. The

currents sheet in that region is believed to be very thin (200 km or thinner).
The region, we have gained our event values from, is a little more away from
the actual x-line, where plasma has been accelerated to almost Alfvén velocity,
thus in the outflow region. Here the current sheet is already much thicker but
still quite thin, due to its vicinity to an x-line.
We hope to find values thinner than the plasma sheet thickness. Within xggy =
—15 Rg from Earth the plasma sheet thickness doesn’t vary much with geomag-
netic activity and is about 6 Rg at the midnight meridian. It has a concave
shape and increases in size at higher absolute values of y-component, the dusk
and dawn side to about twice its size. During active intervals the plasma sheet
increases in between —15 R < xgsm < —19 Rg to an about 9 Rg thick sheet.
The activity doesn’t influence its size within 15 Rg from Earth. [BP90]

In the table the results of the calculation are listed. Because there is
no physical interpretation possible for negative values, we only took positive
AZ-values into account in the calculation. The mean value shows a thickness
clearly above 1 Rg, 1.64 Rg for Cluster 1 (SC1) and 2.54 Rg for Cluster 4
(SC4) measurements.

The results are much better considering the median-calculation of 1.04 Rg for
Cluster 1 and even 0.73 Rg for Cluster 4. Here the influence of outliers is ob-
viously reduced.

The curlometer method to calculate the current density involves all 4 space-
craft, their separation and the magnetic field measurements. To find out if the
scale size of the formation influences the outcome, the new parameter AZ was
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SCI SC4
k] | [Rg] || [km] | [Rg]
allposi | 10441 | 1.64 || 16212 | 2.54
Vxmax | 6841 | 1.07 | 22204 | 3.48
Vxmin | 13321 | 2.09 || 10442 | 1.64

allposi | 6651 | 1.04 || 4647 | 0.73
Median | YXmax | 5215 | 0.82 4741 | 0.74
Vxmin | 6784 | 1.06 || 4506 | 0.71
allposi | 17893 | 2.80 || 40258 | 6.31
Vxmax | 5480 | 0.86 || 56131 | 8.8
Vxmin | 23318 | 3.65 || 11896 | 1.86

Mean

Table 5.4: Calculated values of mean and median AZ for Cluster 1 (SC1) and
Cluster 4 (SC4) data. In the allposi-calculation all positive AZ-values were
used. Vzmazr means that only positive values of the positive V,-semiaxis were
taken into account, while in Vzmin only positive AZ-values of the negative
V,-semiaxis were used. Standard deviation is included as o.

considered to show how much the spacecraft distances affect the result, by com-
paring results of different years to each other.

Again different colored plots were used.

The red-green colored plot was used to make the wrong data visible. The
red points on the left-hand side and the green points on the right-hand side,
just like before in the previous j,-plot. This time the data points were removed
in the multicolor plot, with different color for different years. The removed
points were not used in the calculation of any AZ.

AZ is also an estimator of a characteristic scale size factor for different years.
If there is a constant factor associated with each year and differing from year to
year, the current densities calculated for different years are not comparable to
each other and have to be multiplied by it. In that case, the true current sheet
thickness has not been found, as the ideal performance would be.

During the years the separations of the spacecraft have been shown in the
previous section in the table ([5.2)). According to the table the expected influence
of the scale size has to be of the following order:

2003 (200 km)< 2004 (1000 km)< 2001 (2000 km)< 2002 (4000 km)
blue < yellow < red < green

Such an order was not observed.

The effect of this result is that the current sheet thickness was measured.

The calculated values of the current sheet thickness are all larger than any of
the tetrahedron sizes during the years. For this reason the spacecraft-separation
has little influence on the measurement. Besides higher current sheet thickness
also guarantees the applicability of the curlometer method, because L > R;;,
which means the phenomenon is larger than the separation.

Another feature, we wanted to inspect, is whether there is a difference in the
current sheet thickness in earthward and in tailward direction. To examine that
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it is necessary to compare Vrmazx-results, which assign the earthward directed
side of the current sheet and Vzmin, the tailward directed sheet, both included
in table .

An asymmetry cannot be verified in this study because of controversial results
from different spacecraft. For Cluster 1 the tailward current sheet seems to be
thicker, according to the results of Vemin, while Cluster 4 shows the opposite
tendency.

Next pictures of all plots are listed to show the results in detail. Instead of
including all generated plots, only the most illustrative ones are shown. Units
used in the plots are

quantity unit
At hh:mm
AFE mV/m
AV km/s
B, nT
Jy nA/m?
Blobe nT
AZ ﬁ km

Table 5.5: Units of plot-parameters
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Bz-criterion At-histogram for SC4
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Figure 5.1: At-histogram of Cluster 4 in B,-criterion

Vx-criterion: At-histogram for SC1
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Figure 5.2: At-histogram of Cluster 1 in V-criterion
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AE in Vx—criterion for SC1
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Figure 5.3: AFE-histogram in V_-criterion for Cluster 1
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Figure 5.4: AFE-histogram in V_-criterion for Cluster 4
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Vx-—criterion: AV-histogram for SC4
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Figure 5.5: AV-histogram of Cluster 4 in V,-criterion

Bz-criterion: AV-histogram for SC1
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Figure 5.6: AV-histogram of Cluster 1 in B,-criterion
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Figure 5.7: B,V,-plot of Cluster 1 in V,-criterion
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Figure 5.8: B,V,-plot of Cluster 1 in B,-criterion
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jy of Vx—criterion for SC1
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Figure 5.9: j, in V-criterion for Cluster 1, colored depending on B,
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Figure 5.10: j, in V-criterion for Cluster 1, colored depending on the year
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Blobeljy—plot for Vx-criterion for SC1
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Figure 5.11: AX = Bjpe/jy of Cluster 1 in V,-criterion, colored depending on
B,
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Figure 5.12: AX = Bjope/jy of Cluster 1 in V,-criterion, colored depending on
the year of measurement



Chapter 6

Summary

In this thesis a search of x-line events was performed, using Cluster Mission
data of the years 2001 to 2007.

As search criteria a high plasma flow velocity |V .| > 300 km/s in x-direction
together with simultaneously high plasma beta 3 > 2 were used.

The search algorithm was applied to Cluster 1, 3 and 4, because Cluster 2
provides no plasma data. Plasma data of the CIS-experiment has 4 second
time-resolution, which corresponds to one spacecraft-spin.

Obtained data, meeting the criteria, was split into events, separated by at least
30 minutes from each other. These events were visually inspected and, after a
sort out procedure, 50 probable x-line encounters were used to perform statis-
tical investigations.

The automatic starting- and ending-time detection of each event was again vi-
sually checked and occasionally corrected.

To perform statistical analysis, two different methods were used, the B,-
criterion and the V,-criterion. For each method maximum and minimum values
occurring during the event of B, and V,,, respectively, were taken. All further
data of the event was taken at those times to perform the analysis. The criteria
were compared to each other at the evaluation of each parameter.

In the statistical analysis the following results were obtained.

Events starting with tailward flow are present in higher number than events
starting with earthward flow, as expected.

A comparison of earthward and tailward flow speed lead to inconsistent re-
sults, concerning the methods. While B,-criterion did not show a difference, in
V-criterion almost twice as much events with higher earthward flow velocity,
than tailward flow speed, than events with higher tailward flow velocities oc-
curred.

The histogram-plot comparing earthward to tailward electric field reveals
that there is only a slightly higher field earthward of the x-line and so we
concluded that the electric field doesn’t show an asymmetry of tailward and
earthward side.

7
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To gain insight into the events themselves that were finally considered to be
x-line encounters, B, was plotted over V.. An actual x-line event is expected to
possess synchronous maxima and minima in B, and V.. To be an x-line event
B, and V, at least must have the same sign at times of maxima or minima, as
a consequence of the typical x-line structure B,V, > 0. In this plot events not
meeting this criterion are easy to see. Not x-line like events with high absolute
values are referring to o-line encounters, which have similar signature like x-line
events, but opposite signs of B, and V.

Also x-line events seem to be more complicated than originally expected and
can consist of more than the pure x-line signature.

We conclude that in V,-criterion the plasmoid or o-line encounters are less likely
to occur than in B, -criterion and thus we prefer results of the V,-criterion.

To look at the currents in the neutral sheet during an event, j, was plotted
over V. Two kinds of the plot were made. One plot was colored depending on
the sign of B,, another depending on the year of measurement.

Current densities are relatively high with an average between 3.2 nA/m? and
8.8 nA/m?, as expected of an x-line event.

Comparing mean and median values of different years, a pattern appropriate
to the spacecraft-separation during the years was found, but the dependency is
not linear.

An estimate of the current sheet thickness was found introducing a new pa-
rameter, AZ, being the ratio of lobe magnetic field Bjype and current density
Jy- AZ was plotted over V. A plot colored depending on the sign of B, as
before, reveals the non x-line points, which are not taken into account in the
following calculations. Also negative j,-values were neglected.

Calculating mean and median, values in between 0.73 Rg and 2.54 R were
obtained. Comparing measurements of the inflow- and outflow-region of the
x-line, opposite tendencies for Cluster 1 and Cluster 4 are found.

In addition to that, a plot, colored depending on the year of measurement, was
made. It shows that there is no pattern belonging to the year. One reason is
that the thickness in the detection region is about 1 Rg, and therefore larger
than the spacecraft-separation. For this reason, the curlometer method used is
appropriate and the value obtained is indeed an estimate of the current sheet
thickness.



Appendix A

Basic Derivations

A.1 One-fluid Theory

Plasma consists of electrons and ions. For simplicity the ion charge is assumed
to be 1 with only one component of ions, the protons.

Me, ¢ = —e  mass and charge of electrons
M, ¢ =€ mass and charge of protons

The continuity equation and the equation of motion is given separately for each
component s, ions of electrons (s = i, ¢)

38”; YV-(nsvy) = 0, (A1)
9 (nsvs) _ 1 Nsqs
—a + V- (ngvevs) = —mSV P, + o (E+vs;xB) . (A2)
Charges and Currents are defined by
P e(n; —ne) , (A.3)
= e(nyv; — NeVe) (A4)

For a quasineutral plasma the total charge is zero, p = 0, thus n; = n. = n.

In magnetohydrodynamics plasma is treated as a conducting fluid. The fluid
variables are a combination of its single components. Magentohydrodynamic
equations derive from the upper two-fluid equations and the following defini-
tions turning them into one-fluid equations
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MeTe + m;n;

n = ——el (A.5)
Me + My

m = Me+m;, (A.6)

v = M;N; Vi + MeNeVe (A.7)

MeNe + My,

Continuity equation and equation of motion turn into the following equations
in one-fluid theory

on
M+V~ (nmv) = —-VP+pE+jxB. (A.9)

ot

A.2 Magnetic Pressure

Taking the Lorentz force term j x B and using Ampere’s law in MHD limit (IV)
one gets

ixB = —LBx(VxB), (A.10)
Ho

ixB = -V (BQ) +L1v. (BB (A11)

! 2 po Ho ' '

The first term on the right-hand side corresponds to the magnetic pressure

B2

—. A2
3 1o (A.12)

Pmag =

BB

The second term is the divergence of the magnetic stress tensor —. It causes
Ho

tension and torsion in a conducting fluid. Taken from [BT96].

A.3 Particle Description

Microscopic particle characteristics are needed to decide, whether magnetohy-
drodynamic equations are valid or not. Here are the basic quantities.

EokBTe
AD =1/ Al
b nee2 (A.13)

Inside a sphere of radius Ap the charge of the particles contained can-
cels. The Coulomb potential field of every charge is shielded by the other

Debye length \p:
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charges. ¢g is the free space permitivity, kg is the Boltzmann constant.
Electron and ion temperature are assumed to be about the same, T, ~ T;,
just like the single charged ion density and the electron density, ne ~ n;.

Plasma frequency wp.:
2
Nee
Wpe = A14
e = | o (A14)

Typical oscillation frequency of electrons about much heavier ions, caused
by some external perturbation. The oscillation is motivated by the at-
tempt to restore charge neutrality.

Cyclotronfrequency and Gyroradius: In a uniform magnetic field a charged
particle with velocity V gyrates in a heliocoidal orbit around the magnetic
field with a frequency depending on the field strength, the mass and charge
of the particle. The gyrofrequency or cyclotron frequency is

_ 9B
-

wo (A.15)
For positively charged ions the frequency is positive, while electrons have
a negative frequency, which is simply a gyration in the reversed direction.
m is the particle mass.

the radius belonging to the motion is the gyroradius is defined as

muv

ry = —— . A.16
g \q|B ( )

v is the velocity perpendicular to the magnetic field.
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