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Abstract

Magnetic reconnection is a fundamental process in a magnetized plasma.
It changes the topology of the magnetic fields and allows particles to move
between different regions. Reconnection can occur at the magnetopause,
the boundary between the solar wind and the magnetosphere, and allows
entry of solar wind particles into the magnetosphere. In addition to mass,
also energy and momentum is transferred to the magnetosphere as a result
of reconnection. This transfer affects the whole magnetosphere and also
the ionosphere. Thus, it is important to study the connection between the
reconnection site and other regions of the magnetosphere.

An important tool for investigating reconnection at the magnetopause
are the ESA Cluster spacecraft. They consist of four spacecraft flying in
formation to give a three dimensional view of space.

Using data from the four Cluster spacecraft we study the separatrix re-
gions of magnetic reconnection sites at the magnetopause under conditions
when reconnection is occurring in the magnetopause current layer, which
separates magnetosheath plasma from the hot magnetospheric plasma sheet.
The time scale for the observations are from a few seconds up to several min-
utes, corresponding to distances of a few hundred km up to a few several
thousand km. We define the separatrix region as the region between the
separatrix, the first field line opened by reconnection, and the reconnection
jet (outflow region). We analyze eight separatrix region crossings on the
magnetospheric side of the magnetopause and present detailed data for two
of the events. We show that characteristic widths of the separatrix regions
are of the order of ten ion inertial lengths at the magnetopause. Narrow sep-
aratrix regions with widths comparable to a few ion inertial lengths are rare.
We show that inside the separatrix region there is a density cavity which
sometimes has complex internal structure with multiple density dips. Strong
electric fields exist inside the separatrix regions and the electric potential
drop across the regions can be up to several kV. On the magnetosheath side
of the region there is a density gradient with strong field aligned currents.
The observed strong currents inside the separatrix region can be important
for magnetosphere-ionosphere coupling. We also provide evidence that the
electric field in the separatrix region can energize oxygen ions to several keV.
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Chapter

Introduction

In this thesis we investigate how magnetic reconnection, one way to transfer
mass, energy and momentum across the magnetopause, can interact with
the space surrounding the Earth. Chapter 2 is an introduction to the Earth
environment and plasma physics in general. The instruments to study this
environment are briefly described. In chapter 3 we introduce magnetic re-
connection — a fundamental process to convert magnetic energy to kinetic
energy. It is also one of the most important processes allowing the solar
wind to connect to the Earth. Chapter 4 discuss more details of the regions
that provide the coupling between the reconnection site and different parts
of the Earth environment. One consequence of reconnection is that inside
these regions heavy ions can be energized which is discussed in chapter 5.
In chapter 6 we suggest some future work.






Chapter

The magnetosphere and the
CLUSTER mission

In the visible universe the most common state of matter is the plasma state.
Plasma can be described as a gas of charged particles. A charged particle
in motion is a source of electric and magnetic fields. The electromagnetic
fields from one particle affect all other particles and the plasma shows a
collective behavior. Plasma is neutral on large scales (Chen, 1984; Kivelson
and Russell, 1995). In an astronomical perspective stars, stellar winds and
cometary tails are made of plasma. In our solar system plasma is found
in the solar atmosphere and in the magnetospheres and ionospheres of the
planets and their moons. On Earth plasma is used in laboratories and in
fusion reactors. Industry uses plasma for waste burning, surface treatment
and in plasma displays in television sets. We will investigate plasma around
planet Earth, but the conclusions are of importance also for other plasma
environments.

Plasma behavior can to some extent be described by considering the
motion of a single charged particle (Chen, 1984). A charged particle mov-
ing perpendicularly to a magnetic field senses a force perpendicular to its
velocity and the magnetic field. This magnetic force gives rise to a gyro mo-
tion (see Figure 2.1) with a frequency (w) depending on the charge (¢) and
mass (m) of the particle and also the magnitude of the magnetic field (B)
where w = ¢B/m. The center of the motion is called the gyro center from
which the distance to the particle is the gyro radius or the Larmor radius,
rr, in Figure 2.1. If the plasma is collisionless, the particles can freely move
along the magnetic field lines, but perpendicular to the magnetic field the
gyro center of the particle and the field move in approximately the same
way. This behavior is called the frozen-in condition and is common in the
space environment (Bellan, 2006). We consider the interesting case when
the frozen-in condition is not valid. Breaking of the frozen-in condition in a
small region has large impact on the surroundings, e.g. that different plasma
populations can mix.



Figure 2.1: Illustration of the gyro or Larmor radius ry,. In an ideal plasma
where the magnetic field is frozen-in to the plasma, particles are tied to a
certain field line, but free to move along it.

In interplanetary space there is a flow of plasma away from the Sun
called the solar wind. The solar wind consists of plasma from the Sun
accelerated to super-Alvénic speeds. The magnetic field in this region is
called the interplanetary magnetic field (IMF) and also originates from the
Sun. The solar wind is highly collisionless and the magnetic field is frozen-in
to the plasma (Kivelson and Russell, 1995). Due to the frozen-in condition,
the IMF is carried away from the Sun by the solar wind. The solar wind
motion together with the rotation of the Sun causes the magnetic field on a
large scale to be shaped as spirals. At the Earth the IMF direction can vary
greatly due to frequently occurring solar eruptions and variations of the solar
wind velocity. Close to the Earth the solar wind speed slows down to sub-
Alfvénic speeds and the particles are heated at the bow shock (Baumjohann
and Treumann, 1996). The region behind the bow shock where the plasma
flows around the Earth is the magnetosheath. It is a turbulent region with
heated solar wind plasma (the dark blue region in Figure 2.2).

The plasma around the Earth is encapsulated by a magnetic field created
by currents inside the planet. The region with magnetic fields originating
from the Earth is called the magnetosphere. To a first approximation these
magnetic fields are dipolar and are deformed by the pressure from the solar
wind (the outer blue parts in Figure 2.2) (Kivelson and Russell, 1995). In
the magnetosphere there is plasma from the ionosphere and the solar wind.
In the plasma sheet (red in Figure 2.2) the plasma is relatively hot and
dense compared to other parts of the magnetosphere. The plasma sheet is
on closed magnetic field lines, i.e. both ends are connected to the Earth.
The lobes are almost empty of plasma. The magnetic field lines in the lobes
are open, that is one end is connected to the Earth and the other to the solar
wind. The cusps are very turbulent regions that allow entry of the solar wind
into the magnetosphere. The cusps are like funnels separating the dayside
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Figure 2.2: Ilustration of regions in the solar wind and in the magneto-
sphere. The magnetopause is located where the pressure balance of the
solar wind and the magnetosphere balance. The figure is adopted from (7).

and the nightside of the magnetosphere and their position depends on the
IMF (Russell, 2000).

The plasma in the solar wind cannot easily flow into the magnetosphere
due to the frozen-in condition. This makes the magnetosphere a cavity in
the solar wind. Instead, the solar wind dynamic pressure compresses the
dayside of the magnetopause and extends the nightside as in Figure 2.2.
The pressure balance between the magnetosphere and the solar wind on the
dayside occurs at approximately ~ 10 earth radii (Rg) (depending on the
solar wind pressure) and is called the magnetopause (Kivelson and Russell,
1995); it is the outer boundary of the magnetosphere. The magnetopause is
a discontinuity between different plasmas and magnetic fields. Due to the
different magnetic fields on each side, the magnetopause is also a current
sheet. The typical thickness of the magnetopause current layer is several ion
gyro radii (Cravens, 2004). In the following we investigate the magnetopause
when the frozen-in condition is not valid, and particles, momentum and
energy can be transported across the magnetopause.

2.1 The CLUSTER mission

The CLUSTER mission consists of four spacecraft and was launched by
ESA in 2000 (Escoubet et al., 1997). The main objective of the CLUSTER
mission is to study the interaction of the solar wind with the magnetosphere
on different length scales. The four spacecraft fly in pre-decided formations
with a separation of about 100 km to 18,000 km. These constellations allows
one to make a three dimensional mapping of space and distinguish between
temporal and spatial structures. Instruments on the spacecraft detect waves,
fields and particles. The instruments have different modes with different
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resolutions to optimize studies of various regions and length scales. The
spacecraft are spin stabilized with a spin period of about 4s. The spin axes
point approximately toward the south ecliptic pole. The instruments used
in this study are briefly introduced here.

Magnetic fields are measured by the Fluxgate Magnetometer (FGM)
(Balogh et al., 2001). It measures the full magnetic field vector at the
location of every spacecraft. For the events in this report, the sampling rate
is 22.4 Hz in normal mode and 67.3 Hz in burst mode. The Electric Field
and Wave experiment (EFW) measures the electric field with wire booms
in the satellite spin plane (Gustafsson et al., 2001). The third electric field
component can be calculated assuming that the electric field is perpendicular
to the magnetic field (E - B = 0). This estimation of the third electric field
component is unreliable unless the magnetic field is nearly perpendicular to
the satellite spin axis. The third electric field component is calculated for
relative angles > 15° between the spin axis and the magnetic field. The
electric field is sampled at 25 Hz and low-pass filtered at 10 Hz in normal
mode. In burst mode the electric field is sampled at 450 Hz and low-pass
filtered at 180 Hz. The potential difference between the spacecraft and the
probes at the end of the wire booms is sampled at 5 Hz and can be used as
an estimate of the spacecraft potential and can also be used to estimate the
plasma density.

Three dimensional ion distributions are measured with the Cluster Ton
Spectrometry (CIS) instrument (Reme et al., 2001). The Hot Ion Analyzer
(CIS-HIA) samples ions in the energy range ~5eV /e — 32keV /e. The energy
sweep period is 62.5ms (1/64 of one spin) and the angular resolution is
~ 6° x 6°(see (Reme et al., 2001) for details). CIS-HIA does not differentiate
between ion species. By using a time-of-flight technique the Composition
and Distribution Function analyzer (CIS-CODIF) can differentiate between
the ion species in the energy range ~15eV /e-38 keV /e, however with a lower
time resolution than the CIS-HIA. The accumulation period is 125 ms (1/32
of one spin) and the angular resolution is ~ 11°x 23° (see (Réme et al., 2001)
for details). To sample a 3D distribution both CIS-HIA and CIS-CODIF
need a full spacecraft spin of about 4s. Electron distributions are measured
with the Plasma Electron And Current Experiment (PEACE) (Johnstone
et al., 1997; Owen et al., 2001). PEACE has two detectors but we only
use the High Energy Electron Analyzer (HEEA) to detect electrons in the
energy range 30 eV — 26 keV. The PEACE-HEEA has a sweep time of 125 ms
and an angular resolution of ~ 11° x 15° (see Johnstone et al. (1997) for
details).
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Magnetic reconnection

Magnetic reconnection is a process that restructures magnetic fields. Due
to reconnection, initially separated plasma regions can become magnetically
connected and plasma and energy can flow between the earlier separated
magnetic field lines (Priest and Forbes, 2000). Reconnection also enables
release of energy stored in magnetic field stresses. This energy is transferred
to acceleration and heating of plasma. Magnetic reconnection can occur
in different plasma environments, such as accretion discs (Rastaetter and
Neukirch, 1997), cometary tails (Jovanovié¢ et al., 2005), solar flares (Lin
et al., 2005), the Earth’s magnetosphere (Phan et al., 2005) and the mag-
netotail (Walker et al., 1999) and in laboratory plasmas (Yamada et al.,
1997).

Onset of magnetic reconnection requires a shear between two magnetic
fields, which implies the existence of a thin current layer. If the plasma is
collisionless on each side of the current layer the magnetic fields are ” frozen-
in” to the plasma, and plasmas from the two regions cannot mix. Inside
the current layer the frozen-in condition breaks down. This breakdown
can be due to an increasing anomalous resistivity that enables magnetic
field diffusion across the plasma. On the microscopic scale (~ ¢/w.;) the
magnetic field lines diffuse across the plasma and reconnect in small regions
called diffusion regions. From the diffusion region separatrices extend. A
separatrix is the most recent reconnected field line that separates regions
with magnetic fields of different topology; these magnetic fields may be anti-
parallel, while the reconnected fields are found where the oppositely directed
fields have been interconnected. The separatrices meet at the X-line. The X-
line is surrounded by the diffusion region. The frozen-in condition is broken
not only in the diffusion region, but also around the separatrices. However,
the magnetic fields are not reconnecting there, but the particles are heated
and accelerated. In this new field topology where the oppositely directed
fields have been connected, plasma can flow along the field lines across the
current layer and mix with plasma in the opposite region.

Magnetic reconnection can be defined as a process with the following
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properties (Priest and Forbes, 2000):

1. Reconnection occurs in the diffusion region where the frozen-in condi-
tion breaks down. During the process of magnetic reconnection mag-
netic field lines are brought together and in the diffusion region they
are "broken” and interconnected causing a magnetic topology change.

2. There is an electric field perpendicular to the reconnection plane (in-
flow plane) causing an inflow of plasma toward the diffusion region.

3. The frozen-in condition breaks down around the separatrices and there
is a flow of plasma across the separatrices.

4. Energy stored in the magnetic field configuration, can be transferred
to the particles in the diffusion region and along the separatrices.

3.1 Reconnection models

3.1.1 Sweet-Parker model

The first reconnection model was developed by Sweet (1958) and Parker
(1957). Anti-parallel magnetic fields are separated by a current layer (with
current density J) as in Figure 3.1. In the center of the current layer the
magnetic fields vanish. The current layer has a length of 2L and a thickness
of 2]. Plasma and magnetic fields are flowing in towards the current layer at
the velocity v; = n/l, where n is the magnetic diffusivity (Priest and Forbes,
2000). The velocity v; is the diffusion velocity in the current layer — the
current layer is therefore also called the diffusion region, marked with grey
in Figure 3.1. In the Sweet-Parker model plasma is accelerated inside the
diffusion region. The length of the diffusion region is of macroscopic scale

B

pf i
! B
2| | < ——— ® @ N ® J ® _>V° o Po
I B~0 Pw

Figure 3.1: Illustration of the Sweet-Parker reconnection model. Adopted
from Priest and Forbes (2000).

in the Sweet-Parker model with the consequence that there is no X-line.
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From the inflow velocity we can calculate the dimensionless number called
the reconnection rate:
.
‘ VAi Vv R

where R,,; = va;L/n is the magnetic Reynolds number — the ratio between
the Alfvén velocity (v4;) in the inflow region and 7/L, which is the diffusion
velocity out from the diffusion region. Inside the diffusion region near to
the neutral point (N) the magnetic field vanishes and a pressure gradient
~ (pN —po)/L accelerates the plasma outward (Biskamp, 2000). Farther out
towards the sides of the diffusion region the magnetic field increases and the
magnetic force J x B becomes important and further accelerates the plasma
(Priest and Forbes, 2000). In total the plasma is accelerated to the velocity
v, in the outflow region, which equals the (inflow region) Alfvén velocity,

Vo = VAj-

The conservation of mass (v; L = v,l) and the fact that the diffusion velocity
is much smaller than the Alfvén velocity (v; < v4; = v,) shows that the
thickness of the diffusion region is much smaller than the length [ < L.
This also means that the reconnection rate M; < 1. The Sweet-Parker
reconnection rate for observed solar parameters is ~ 1077 (see e.g. Li and
Zhang (2009)). The observed reconnection rate in solar flares is ~ 0.01 and
cannot be explained by the Sweet-Parker model. The kinetic energy (KE)
in the inflowing plasma is negligible compared to the inflowing magnetic
energy (EM),

inflow KE 1pv? 02

= = 1
inflow EM  BZ/p 20%, <

Due to the conservation of magnetic flux (v;B; = v,B,) the magnetic field
in the outflow region B, is reduced (B, < B;) and, hence, magnetic energy
is converted to kinetic energy and heat in the outflowing plasma. It can
be shown (see Priest and Forbes (2000)) that about half of the inflowing
magnetic energy is converted to kinetic energy,

outflow KE  2pv2(vel) 402

inflow EM v, B?L/u - UTAZ

1
5
3.1.2 Petschek model

The Sweet-Parker model was further developed by Petschek (1964). In the
more realistic Petschek model the undisturbed external anti-parallel mag-
netic field lines (B, in Figure 3.2) becomes slightly curved closer to the
current layer with a decreasing magnitude down to the strength B; of the
inflowing magnetic field. The velocity toward the current sheet increases
from the undisturbed external velocity (v.) to the inflowing velocity (v;).
The external length scale 2L, in Figure 3.2 is the typical scale of the mag-
netic field far from the diffusion region. The diffusion region has length 2L
and thickness 2[. In the Sweet-Parker model the external length scale L,
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is also the half-length (L) in Figure 3.1. The half-length of the diffusion
region (L) in the Petschek model is reduced compared to the Sweet-Parker
model, but plasma acceleration occurs not only in the diffusion region. Only
a small fraction of the plasma is accelerated in the diffusion region in the
Petschek model. Most of the plasma is accelerated as it crosses the slow
shocks extending from the diffusion region. At the shock front an electric
field accelerates the plasma. The slow shocks are standing in the inflow re-
gion because plasma inflow and the shock propagation speed are the same.
The slow shocks provide another way to efficiently transfer energy from
the magnetic field to the particles. Thus, the plasma is not required to pass
through the diffusion region to get energized like in the Sweet-Parker model.
Since the magnetic flux is conserved from the external to the inflow region it

2L,
B, V,
v
=~ B =

PN v, =
. Diffusion region . L
~¢ 9 a‘a“\‘ﬂ —>—
—- e >
Slow B| . L
shock v, T X-line S -
¢+ L 0. >
- ! atryy .

Figure 3.2: The Petschek reconnection model.

can be shown that the external length scale is much larger than the length
of the diffusion region (L. > L) in the Petschek model. The reduction in
the half-length (L) also leads to a thinning of the current sheet (reduction
of [) and, thus, a shorter diffusion time. Close to the small diffusion re-
gion in Figure 3.2 the process described by the Sweet-Parker model is the
dominating source for accelerated plasma. On the external length scale (L)
the diffusion region is often referred to as the X-line, where the separatrices
meet.

The reconnection rate in the Petschek model is, like in the Sweet-Parker
model, measured in the global external variables far from the diffusion region

v T

M =—"~—" "
“ w4 8log Ry

The reconnection rate for the Petschek model is much faster than for the

Slow
shock
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Sweet-Parker model.

3.1.3 Numerical simulations

Numerical simulations are important for understanding magnetic reconnec-
tion. MHD simulations are sufficient in a collisional plasma where a Sweet-
Parker layer forms and limits the reconnection rate. For collisionless plasmas
Hall-MHD must be used to describe reconnection. In Hall-MHD the Hall
term (J x B) and the electron pressure (VP,) is included in the MHD equa-
tions. Similar to Hall-MHD is the hybrid model with the difference that
ions are treated as particles, whereas electrons are treated as a fluid like
in MHD. In a particle-in-cell (PIC) simulation both ions and electrons are
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Figure 3.3: Structure of magnetic fields and electron and ion flow in a
PIC simulation of magnetic reconnection. The left side corresponds the
magnetosheath with a density ny and magnetic field strength By/2. The
right side corresponds to the magnetosphere with density no/3 and magnetic
field strength 3By /2. The magnetopause current layer is located where the
magnetic field rotates. Adopted from Pritchett (2008).

treated as particles (Shay et al., 2001). In collisionless simulations the accel-
eration of the ions mainly occurs in a region along the separatrices. The size
of the diffusion region is small compared to the external length scale. The
Petschek model considers symmetric reconnection, Figure 3.3 on the other
hand, shows a PIC simulation (Pritchett, 2008) done for magnetopause-like
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conditions with asymmetric density and magnetic field strength. The differ-
ence from the Petschek model is that the slow shocks are difficult to identify
(Nakamura and Scholer, 2000; Shay et al., 2001; Pritchett, 2008). Instead,
the magnetic field rotates continuously over the reconnection layer, like in
Figure 3.3. Electrons are flowing in towards the diffusion region along the
separatrices on the high density/magnetosheath side and flowing out along
the separatrices on the low density/magnetospheric side. The ions in the
outflow region consist mainly of ions from the magnetosheath. Near the
separatrices there is a density depletion observed in the simulations (not
shown).

3.1.4 Time dependent reconnection

The reconnection rate is in reality varying and time dependent. Semenov
et al. (1992) and Biernat et al. (1998) have solved the time dependent MHD
equations for different reconnection problems analytically to investigate the
time dependence when reconnection turns on and then off. Reconnection
that turns on and off is called transient reconnection. A varying reconnection

Figure 3.4: FTEs created during transient reconnection. Adopted from
Semenov et al. (2005).

rate at the magnetopause causes magnetic "bulges”. The bulges are called
flux transfer events (FTEs) and travel along the magnetopause (Russell
and Elphic, 1978). In the model used in e.g. Semenov et al. (1992) the
reconnection rate is controlled by a time varying electric field. The electric
field is set up in a small region around the diffusion region. In this model,
slow shocks (S™, bounding surface to the grey regions in Figure 3.4) are
created and propagate out from the diffusion region at the Alfvén velocity.
The slow shocks enclose the outflow region with heated and accelerated
plasma. When reconnection turns off, the slow shocks detach from the
diffusion region. This situation is depicted in Figure 3.4. The dotted lines
in Figure 3.4 are separatrices between different magnetic topologies. The
FTEs propagate along the magnetopause away from the diffusion region,
leaving the undisturbed field lines behind.
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3.2 Kinetic model of the reconnection layer

Instead of describing reconnection in the fluid formulation with slow shocks
one can use a kinetic model, that focuses on particles and small scale sig-
natures, since this is a better description of detailed observations of recon-
nection events (Gosling et al., 1990; Mozer et al., 2002; Vaivads et al., 2004;
Lindstedt et al., 2009) and use the magnetopause as an example. When
reconnection is ongoing at the magnetopause there are three different types
of magnetic field lines — the magnetospheric field lines are so called ”closed”
field lines that start and end on the Eartha and the IMF represents field
lines outside the magnetosphere. There are also "opened” field lines that
magnetically connect the magnetosphere to the solar wind. During ongo-
ing reconnection at the magnetopause, the magnetosphere and the mag-
netosheath are separated by the reconnection layer in Figure 3.5 (Gosling
et al., 1990). The reconnection layer consists of the opened field lines and is
bounded by the separatrices (Lockwood et al., 1996) that separate regions
of different magnetic topology. In the magnetosheath and magnetosphere
convection drives the plasma towards the X-line and the separatrices. As
described in section 3.1, reconnection can heat and accelerate electrons to
the electron Alfvén velocity (v4e), that is much larger than the ion Alfvén
velocity (va; < v4e) because of the small mass of the electrons. Outside
the diffusion region the electrons follow the magnetic field and travel faster
than the ions along a field line due to their higher velocity. The fastest
moving electrons that have crossed the magnetopause current layer can be
observed just inside the separatrix, the outer edge of the reconnection layer.
This boundary is called the electron edge and is a good approximation of the
location of the separatrix. The outer edges of the reconnection jet are also
referred to as the ion edges since this is where the fastest ions accelerated
by reconnection are observed. The reconnection/ion jet is the accelerated
plasma flow caused by reconnection. The jet fills the entire outflow region.
Between the separatrix and the outflow region we find the separatriz region
where only the electrons from different origin mix. Ions mix in the outflow
region. Inside the outflow region the magnetic field makes its main rotation
and we refer to this as the field reversal region; this is the location of the
magnetopause current layer. Sometimes this current layer is narrower than
the outflow region. The part of the reconnection layer with magnetospheric
orientation of the field lines is called the low latitude boundary layer (LLBL).

The kinetic model can be compared to the Petschek model. The sepa-
ratrices in the Petschek model are closely related to the electron edges in
the kinetic model due to the small inertia of the electrons. The ion edges
are defined to be where the accelerated ion flow in the outflow region is
observed. In the Petschek model, ion acceleration occurs at slow shocks
extending from the diffusion regions. These slow shocks are hard to identify
using spacecraft data. In principal, the slow shocks would be located at the
ion edges. In the kinetic model, ion acceleration occurs in potential drops
over the separatrix region. Several of these potential drops are analyzed
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Figure 3.5: The regions of the magnetopause reconnection layer.

in this thesis. The rotational discontinuity (Alfvén wave) in the Petschek
model is located along the slow shocks. This is not necessarily the case in
the kinetic model where the main rotation occurs in the outflow region, also
called the field reversal region.
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Separatrix regions of magnetic
reconnection at the magnetopause

The magnetopause is the outer boundary of the magnetosphere. The mag-
netic fields are frozen-in to the plasma in the magnetosphere and the solar
wind respectively, and plasma in the two regions normally do not mix. The
regions are separated by a current layer at the magnetopause (Kivelson and
Russell, 1995).

Magnetic reconnection can, however, transfer mass, momentum and en-
ergy across the magnetopause. In this chapter we will first discuss the
location of magnetic reconnection on a large scale at the magnetopause in
section 4.1. Spacecraft observations of reconnection evidence is discussed
in section 4.2. Finally in section 4.3 we show an example of a spacecraft
crossing of the magnetopause.

4.1 Magnetic reconnection at the magnetopause

Magnetic reconnection frequently occurs at the magnetopause where the
geomagnetic field and the magnetosheath interact. The location of the X-line
is directly related to the direction of the IMF since the geomagnetic field is
relatively constant. The magnetic field in the more turbulent magnetosheath
directly adjacent to the magnetopause can vary more than the IMF in the
solar wind, but on average the direction of the magnetic field is the same
in the two regions (Coleman, 2005). Reconnection occurs where the shear
between the magnetic fields (IMF and geomagnetic field) is large (Luhmann
et al., 1984; Trattner et al., 2005, 2007).

Figure 4.1 shows the shear angle between the IMF and the geomagnetic
field during southward IMF (Trattner et al., 2007). Inside the magnetopause
the Tsyganenko 96 (Tsyganenko, 1995) model is used to approximate the
geomagnetic field. An estimation of the magnetic field outside the magne-
topause in the magnetosheath is obtained by using solar wind data from the
WIND spacecraft and assuming the field is draped around the magnetopause

15
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Figure 4.1: The colored surface shows the magnetic shear angle between
the geomagnetic field and the IMF during southward IMF (clock angle
175°), seen from the sun looking toward the Earth. The white regions
mark positions where the fields are antiparallel within 3°. Adopted from
Trattner et al. (2007).

using the Cooling et al. (2001) model. When IMF is southward (IMFB, < 0
and IMFB,, ~ 0) it is antiparallel to the geomagnetic field near the sub-solar
point. In the example in Figure 4.1 the clock angle indicating the IMF di-
rection in the GSM y — z plane is 175° (where 0° and 180° corresponds to
strictly northward (B, > 0) and southward (B, < 0) IMF respectively, while
90° and 270° corresponds to B, > 0 and B, < 0 with B, = 0). In red areas
the magnetic fields are antiparallel within 150° to 180°. The white regions
mark positions where the fields are antiparallel within 3°. This means that
during southward IMF the X-lines are located near the equatorial plane. If
the magnitude of IMFB, increases, the high magnetic shear is located at
the separated red areas as in Figure 4.2 (Trattner et al., 2007). For IMF
with clock angle 117° the high shear region stretches to the southern cusp
in the dawn sector and to the northern cusp in the dusk sector. The white
line in Figure 4.2 represents the location of the X-line indicating the maxi-
mal reconnection component By at the magnetopause (Moore et al., 2002).
The black line represents the position of maximum magnetic shear across
the magnetopause. For northward IMF (clock angle 39°), as in Figure 4.3,
the magnetic shear has its maximum at high latitudes. Thus, reconnection
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Figure 4.2: Shear angle between the geomagnetic field and the IMF when
there is a strong IMF B, component (clock angle 117°). The white line
represents the location of the tilted X-line (Moore et al., 2002) and the
black line represents the position of maximum magnetic shear across the
magnetopause. Adopted from Trattner et al. (2007).

can be expected to occur tailward of the cusp (Trattner et al., 2004).

4.2 Signatures of reconnection at the magnetopause

Reconnection occurs at the magnetopause in the diffusion regions. The
diffusion regions are of the order of a few ion inertial lengths ¢/w,; ~ 100 km.
The diffusion regions are in general too small to be observed by spacecraft
and only a few observations exist (Mozer et al., 2002). In practice, spacecraft
can only detect the consequences of reconnection. This is for example a
magnetic field component normal to the magnetopause, ion jets, flux transfer
events and particle energy dispersion.

The Walén test (Sonnerup et al., 1981) gives strong evidence of ongoing
reconnection (Phan et al., 2004; Retino et al., 2006). If reconnection is
ongoing the geomagnetic field and the IMF are magnetically connected via
a magnetic field component normal to the magnetopause and, thus, the
magnetic field rotates across the magnetopause. This connection implies
that the magnetic field lines on different sides of the magnetopause current
layer move together. When this is the case it is possible to find a reference
frame moving with velocity V g7 in which the plasma flow is parallel to the
magnetic field and the convection electric field is zero E' = (v — Vgr)xB =
0. This reference frame is called the de Hoffmann-Teller frame. In the
de Hoffmann-Teller frame plasma is accelerated to the Alfvén velocity as it
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Figure 4.3: Magnetic shear during northward IMF and clock angle 39°. Red
areas correspond to high magnetic shear and black to low shear. Adopted
from Trattner et al. (2004).

crosses the discontinuity,
Vo — Vr = +(1 — a2)Ba[uopr (1 — a)] 7/

where o = po(p)| —p1)/ B? is the pressure anisotropy and subscript 1 and 2
refer to the magnetosheath and the outflow region, respectively. In a good
Walén test when reconnection is ongoing, both the direction and magnitude
of the velocity v — V g7 is comparable to the Alfvén velocity in the outflow
region. In Paper 1 in this thesis an alternative version of the Walén test is
used. From the jump conditions of a rotational discontinuity we calculate the
the expected velocity change in the tangential direction to the discontinuity
according to (Retino et al., 2005)

vor — vip = £[(1 — a1)pop]? - [Bar(1 — a2) — Byy(1 — ay)).

The expected velocity change is then compared to the observed velocity
change in the tangential direction to the discontinuity.

Another typical signature of reconnection is the existence of flux transfer
events (FTEs) (Russell and Elphic, 1978). An FTE is created during chang-
ing reconnection rate (Southwood et al., 1988) like in transient reconnection,
discussed in section 3.1.4. As the reconnection rate increases, more plasma
is transported into the outflow region and creates a bulge on the magne-
topause. Neighboring unreconnected field lines are pushed to the sides as
the FTE travels along the magnetopause. A spacecraft that is located just
inside or outside the magnetopause observes a bipolar signature in the mag-
netic field component normal to the magnetopause, By in Figure 4.4, as the
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FTE passes. Note that the normal direction N in this case is normal to the
large scale magnetopasue. If the IMF is directed southward and reconnec-
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Figure 4.4: Observations of a bipolar normal magnetic field By due to
FTEs by Cluster 1 at the magnetopause. From Paper 1 in this thesis.

tion takes place sunward of the cusps, the polarity of the signature depends
on whether the spacecraft is on the north or south side of the X-line. With
the normal component directed roughly toward the Sun, the bipolar signa-
ture is positive/negative if the spacecraft is northward of the X-line, and the
signature is negative/positive if the spacecraft is southward of the X-line.

4.3 Separatrix regions

The separatrix region is located between the separatrix and the ion edge (see
Figure 3.5) and has been extensively studied at low (Sandholt et al., 2002;
Lockwood et al., 1996) and mid altitudes (Topliss et al., 2001; Bogdanova
et al., 2004, 2006) and also to some extent at the magnetopause (Khotyaint-
sev et al., 2006; Retino et al., 2006). The separatrix is identified from the
electrons since the separation of the separatrix and the electron edge (the
fastest electrons that travel along a field line when it is opened by reconnec-
tion) is very small. The ion edge is defined from ions and is located where
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the ion jet is observed. The separatrix region is also called the electron edge
of the LLBL in the literature (Bogdanova et al., 2006).

An example of a spacecraft crossing of the reconnection layer (Figure 3.5)
at the magnetopause is shown in Figure 4.5. This event was analyzed in
detail in Paper 1 together with seven other events. This event is a full
crossing of the magnetopause reconnection layer, while some crossings in
Paper 1 are partial. During these events the IMF was southward. Cluster
crossed the magnetopause in the northern hemisphere sunward of the cusp.
Both the Walén test and FTE observations indicate ongoing reconnection.

The observations in Figure 4.5 are presented in the local LMN-coordinate
system of the magnetopause obtained from minimum variance analysis (MVA).
The local LMN-coordinate system is obtained for single crossings of the mag-
netopause reconnection layer. The L-coordinate is along the magnetopause
toward the positive GSE z component. The N-coordinate is normal to the
magnetopause toward the sun and M = N x L. The N direction given by
MVA is consistent with normal direction obtained from timing analysis of
the magnetopause crossing using all four Cluster satellites (both density and
magnetic field).

In Figure 4.5 data from Cluster 1, 2, 3 and 4 are shown in black, red,
green and blue respectively. The spacecraft separations are ~300km. The
data is also time-shifted to show similarities between the spacecraft. The
time shift for spacecraft 1-4 is 1.0, 0, 0.5 and -0.3s. Panels (a-d) show the
magnetic field By, By;, By components and the total magnetic field Bror
from FGM. Panel (e) shows the density derived from the spacecraft potential
measured by EFW. Panel (f) shows an ion spectrogram from CIS-HIA on
C1. Panel (g) shows the ion velocity along the magnetopause current layer
from CIS on C1 and EFW on C2. In panel (h) the current parallel to the
magnetic field obtained from a single spacecraft method and in (i) the normal
component of the electric field. In panel (j) we show the electric potential
derived from the integrated normal electric field. Panel (k-m) show electron
spectrograms from C2 in the perpendicular, parallel and the antiparallel
direction to the magnetic field. Due to the rotation of the spacecraft the
covered pitch angles change so that the parallel and anti-parallel directions
are only observed during limited times. Panel (n) shows the distance to the
magnetopause.

At the start of the interval Cluster is located in the cold and dense
magnetosheath with southward IMF (negative By, component). The mag-
netopause current layer is located where By, changes sign from negative to
positive (marked by the green bar in Figure 4.5).

The outflow region is where there is accelerated plasma flow. The mag-
netospheric edge is observed at the boundary between magnetosheath-like
plasma and magnetospheric plasma at 13:11:06 UT in Figure 4.5. At this
time there is also a sharp density gradient and this is defined to be the
ion edge, marked with a purple bar. The magnetosheath ion edge is not
clearly observed in the ion spectrogram, but an increasing ion velocity de-
fines this boundary. In this event the outflow region totally coincides with
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the magnetopause current layer.

In the magnetosheath, at 13:10:20 UT Cluster detects a sharp increase in
anti-parallel (away from the magnetopause) electron flux at energies above
400 eV, i.e. electrons of magnetospheric origin. This is the outer sepa-
ratrix or the magnetosheath electron edge, indicated with a yellow line in
Figure 4.5. On the magnetospheric side of the magnetopause, 13:11:06 —
13:11:28 UT, there is a mixture of magnetosheath-like electrons and elec-
trons with energies 1 — 10 keV, similar to the magnetospheric electron pop-
ulation both in the parallel and antiparallel direction. After 13:11:28 UT
there is only a pure magnetospheric electron population. We identify this
point as the inner separatrix or magnetospheric electron edge.

The separatrix regions are defined to be located between the ion and
the electron edges. On the magnetospheric side, the separatrix region is
observed between 13:11:06 — 13:11:28 UT. Inside the separatrix region we
observe a density cavity. This density cavity might even coincide with the
separatrix region. It is believed that the density cavity is created when the
magnetic field line is opened by reconnection and the electrons escape. To
keep the plasma quasi-neutral, an electric field normal to the region is set up
that removes the ions (Khotyaintsev et al., 2006). One can indeed observe
a normal electric field up to 30 mV/m inside the separatrix region. This
normal electric field gives rise to a potential jump of about 4 kV.

On the density gradient (ion edge) that bound the outflow region on the
magnetospheric side, a strong current of 0.2 A /m? parallel to the magnetic
field is located. This current coincides with the outer edge of the bipolar
Hall Bj; signature, produced by Hall currents flowing towards and away
from the X-line. In this case the strongest parallel current is flowing towards
the X-line. Mapping the parallel current to the ionosphere we find that it
corresponds to a current of 400 yA/m?, which is of the same magnitude as
the several hundreds A /m? that has been observed (Stasiewicz et al., 1998;
Ivchenko and Marklund, 2002).

The observations in Figure 4.5 agree well with the kinetic model in
Figure 3.5 and add important information to the model. If we compare
these two figures several features of the model can be identified in the
data. The separatrix regions are identified in the data between the electron
edges/separatrices, the outermost boundary of the magnetopause reconnec-
tion layer, and the outflow region. The observed magnetopause current
layer that coincides with the outflow region also agrees well with the ki-
netic model. In addition to the kinetic model, the data also shows that
the magnetospheric-side separatrix region coincides with a density cavity.
Also along the magnetospheric-side ion edge there is a strong field aligned
current.
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Chapter

lon energization

Ton heating in the magnetosphere is an important process that has great
impact on the dynamics of the magnetosphere. The plasma in the magneto-
sphere comes from the ionosphere and the solar wind. Ions in the ionosphere
can be energized to overcome the gravitational energy and escape into the
magnetosphere (Chappell, 1988). A significant part of the ionospheric ions is
made up by oxygen ions. Because of their large mass, oxygen ions can affect
the magnetosphere to a large extent (Winglee et al., 2002). The ions flow-
ing out from the ionosphere can be further energized in the magnetosphere.
These acceleration mechanisms contribute to loss of the Earth’s atmosphere
(Seki et al., 2001). The ions can be accelerated both parallel and perpendic-
ular to the magnetic field. As an example, ions can be accelerated by parallel
electric fields in the auroral region. In this thesis, energization perpendicu-
lar to the magnetic field by a transverse electric field, called transverse ion
heating, will be discussed.

5.1 Transverse ion heating in the magnetosphere

In the lower magnetosphere (up to ~ 1Rg) transverse wave heating is an im-
portant process to energize oxygen ions (André et al., 1998; Norqvist et al.,
1998). In broad-band electric field fluctuations the left-hand polarized waves
around the local ion cyclotron frequency energize the ions by resonance heat-
ing (Chang et al., 1986). Left-hand waves rotate in the same sense as ions
around the magnetic fields. Once the ions are heated in the perpendicular
direction, the mirror force from the diverging dipole magnetic field converts
the perpendicular velocity into parallel velocity. Thus, the heated ion ve-
locity distribution has velocity components both perpendicular and parallel
to the magnetic field. Since wave heating occurs in localized regions, the
further away from the heating region the ions are observed, the more par-
allel the velocity. Distributions with velocity perpendicular to the magnetic
field, possibly also with a parallel velocity component, are called ion conics
(André and Yau, 1997; Moore et al., 1999).

23
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Another mechanism for transverse heating by a static electric field is
described by Cole (1976). The wave frequency is not in resonance with the
ion cyclotron frequency, but a static electric field is observed in a region
smaller than the gyro radius. This occurs when the electric field gradient is
large enough, VE > w?m/q. The particle cyclotron motion is then destroyed
(Stasiewicz et al., 2000) and the result is that the ions are not E x B-drifting
over the region, but are instead accelerated along the electric field. Spatial
and temporal variations of the electric field have the same effect on a charged
particle in motion. This has been studied by Lundin and Hultqvist (1989)
and Hultqvist (1996), who also concluded that oxygen ions are accelerated
more effectively than protons.

In the higher altitude magnetosphere (> 4Rg) heated ions have been ob-
served in the separatrix region (see Figure 3.5). The observations of heated
ions have been correlated with low frequency waves (Topliss et al., 2001; Bog-
danova et al., 2004). However, Bouhram et al. (2004) explained that wave
heating is less important above 4.5Rp. Still, locally heated ions are observed
at higher altitudes (Arvelius et al., 2005; Nilsson et al., 2006; Waara, 2009).
Also in the magnetosheath heated oxygen ions are observed (Eklund et al.,
1997). According to Nilsson et al. (2004) acceleration mechanisms at these
high altitudes favor heavy ions over light ions. Part of the high energy oxy-
gen in the magnetosheath was explained by oxygen ions in a reconnection
jet.

During reconnection at the magnetopause it is known that separatrix
regions extend far from the reconnection site. Inside the separatrix re-
gions there are localized strong normal electric fields (André et al., 2004;
Khotyaintsev et al., 2006; Lindstedt et al., 2009). The width of the sep-
aratrix region is of the order of a proton gyro radius. This suggests the
possibility that heavy ions with large gyro radius are accelerated as they
enter and cross the separatrix region.

5.2 Observation of ion heating at high altitude

In this section we give an overview of an event on 13 March 2002 when
Cluster was located in the southern hemisphere at an altitude of ~ 10REg.
The spacecraft separations were about 100 km. Cluster crossed from the
magnetosheath, passing the cusp, into the lobe. At these high altitudes the
spacecraft velocity is usually small compared to the convection velocity that
makes the boundary between the cusp and the lobe move back and forth.
This is the reason that, in this case, the spacecraft return back to the cusp
and again finally enter the lobe, as shown in Figure 5.1. In Figure 5.2 the
data is from the time interval when the spacecraft travel from the cusp, into
the lobe and back to the cusp.

In Figure 5.2a the IMF data is from ACE spacecraft (Smith et al., 1998)
located at the Lagrangian point (L1). The IMF data is time-shifted with
~50min to adjust for the propagation of the solar wind from the location
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Figure 5.1: Illustration of regions observed by Cluster. The spacecraft are
moving with a velocity of less than 3km/s while plasma structures are
moving much faster across the satellites.

of ACE to Cluster. The IMF B,-component dominates the magnetic field.
This suggests that if reconnection is ongoing the reconnection site is not
located at the subsolar point. Figure 5.2b and Figure 5.2d show the magnetic
field and the ion velocity from Cluster, respectively. lon jets are observed
parallel to the magnetic field, directed mostly in the positive z-direction.
Thus, the reconnection X-line must be located tailward of the cusp. Further
evidence of this picture is that when Cluster passed the magnetopause at
10:11 UT the IMF is similar to what is shown in Figure 5.2a. For this
magnetopause crossing the Walén test is successfully performed and confirm
the result. In the ion spectrogram in Figure 5.2e we also note velocity
dispersion as the spacecraft enter the lobe (10:25-10:27 UT, protons with
high energy are observed closer to the lobe). This is also an indication of
ongoing reconnection (Escoubet et al., 2008). Thus, there are good reasons
to believe that reconnection is ongoing tailward of the cusp.

Apart from the dispersion observed on the boundary between the cusp
and the lobe in Figure 5.2e, the lobe (10:29-10:31 UT) is almost empty of
protons. Figure 5.2¢ shows the low density in the lobe (10:29-10:31 UT). The
oxygen in Figure 5.2f has a different behavior from the proton spectrogram.
The dispersion 10:25-10:27 UT is absent and in the lobe there are still oxygen
ions present with energy ~100eV. In some boundary layer between the lobe
and the cusp (10:31-10:32:30 UT) the oxygen ions are heated to 200eV-
2keV. Inside the cusp after 10:32:30 UT the oxygen energy is 1-20keV.
Figures 5.2g—i show the pitch angle of the observed oxygen ions for energies
up to 500eV, 500 eV-3keV and 3keV-6keV, respectively. Inside the lobe
(10:29-10:31 UT) there are only low energy (<500 eV) oxygen ions observed
with a pitch angle of ~ 90°. In the boundary layer (10:31-10:32:30 UT) ions
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are still observed with a pitch angle of ~ 90°, but with higher energy, 0.5—
3keV. Finally, when the spacecraft enter the cusp (after 10:32:30 UT) oxygen
energies above 3keV are observed. In the earlier crossing from the cusp to
the lobe at 10:26-10:30 UT, the same characteristics as presented above are
observed. However, it is not possible to determine the normal direction in
the early event and detailed analysis is only possible for the event 10:31—
10:32:30 UT. The high energy ions with a pitch angle ~ 90° that are observed
near the cusp-lobe boundary, marked with blue boxes in Figure 5.2h-i,
correspond to transversally accelerated ions that are sometimes called ion
conics.

We now consider the electric field at the boundary between the lobe and
the cusp. In Figure 5.3 we plot the electric field normal to the magnetic
field and the potential jump across the boundary. The normal direction
is determined by timing analysis using four spacecraft. The normal direc-
tion is N ~[0.92 -0.34 -0.18] GSE, but is not constant during the crossing
and changes by ~ 20°. The electric field is particularly strong in the nor-
mal direction between 10:32:40-10:32:42 UT where it is up to 60mV/m.
This electric field is balanced by the Hall-term (J x B), which means that
the frozen-in condition is broken in this region. This is a property typical
of the separatrix region (Khotyaintsev et al., 2006). The normal velocity
also changes from 35km/s to 80 km/s. The line in Figure 5.3b corresponds
to the approximate motion of the boundary from the E x B-drift velocity.
Together with the evidence for ongoing reconnection presented above, we
interpret the potential jump in Figure 5.3b to be located in a separatrix
region. Since the velocity changes, the upper dashed line corresponds to the
lower velocity (~35km/s) and the lower dashed line to the higher velocity
(~80km/s). The gyroradius of a 1keV oxygen ion is about 400 km, corre-
sponding to ~8s in the figure. During 8s the electric potential changes by
~4kV (3-6kV), corresponding to an energy increment of the oxygen ions of
~4keV.

Since the electric field is observed within a region that is comparable
to the oxygen gyroradius, the results of Cole (1976) can be applied: if the
region with the electric field is smaller than the gyroradius, the particle is
accelerated along the electric field and does not E x B-drift across the re-
gion. Since heavy ions have larger gyroradius, the mechanism preferentially
heat heavy ions. This is consistent with the observations by Nilsson et al.
(2004), who found that heating of oxygen ions was more efficient than heat-
ing of protons. In this case, the mechanism accelerates oxygen ions from
the lobe to considerably higher energies in the cusp. The mirror force can
then convert the transversal velocity into parallel velocity, allowing the ions
escape to the magnetosheath. This agrees with the fact that high energy
oxygen is observed in the magnetosheath (Eklund et al., 1997). We must
however note that oxygen ion conics at these altitudes have been observed
where no strong electric field has been seen (Waara, 2009). The conclusion
is that the potential jump perpendicular to the magnetic field in the thin
boundary can accelerate ions with large enough gyroradius from the lobe to
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several keV in the cusp, as seen in Figure 5.2i.

In the alternative wave heating mechanism the resulting energy is depen-
dent on the spectral density of the waves and the duration of the interaction
between the ions and waves. Furthermore, only the left-hand polarized part
energizes the ions. In this event, the spectral density is higher in the cusp
than in the lobe regions (see Figure 5.4). A calculation based on the model
by Chang et al. (1986), where the ions are allowed to be heated from lower
altitudes up to the present altitudes and assuming a dipolar magnetic field,
gives a maximum heating of less than 1keV. For this calculation we use a
pitch angle of 80° at C4 which means that most of the heating has taken
place within ~600 km below the point of observation, and 20% of the highest
observed spectral density of ~10 (mV/m)?/Hz. At lower altitudes <10% of
the spectral density is needed to explain transversal heating of ions (André
et al., 1998). In this event heating of the ions with energy <500 eV observed
in Figure 5.2g to energies 500 eV-3keV in Figure 5.2h can be explained by
waves. Furthermore, the potential jump explains the oxygen ion energy in
the range 3-6 keV in Figure 5.2i.

The event presented here shows that local oxygen ion energization to sev-
eral keV can occur at high altitudes, and that the energization mechanism
can be investigated. In the event studied here and in Paper 2, resonant heat-
ing by waves can give a significant contribution but most of the energization
comes from a narrow potential drop in a magnetic reconnection separatrix
region. However, note that this description only gives an estimate of ion
heating, but also an intuitive picture of the process. A detailed description
with the analysis in detail following Cole (1976) is presented in Paper 2.



28 5.2. OBSERVATION OF ION HEATING AT HIGH ALTITUDE

63;7—@%\,\_\’\/ T IMFX
— = e o
4
LTC_‘ o 7|MFY
=9 N |,
w _27 ul ,
Q
a4t ., s Y
O™ T T 5
< o/ N *
O 20 WM&W B,
= S A
S B
o 4o MMMM | z
L L L L L L L L L L L L L L L L L
T T T T T T T T T T T T T T T T T T
, C Nerw c4
"'Z 10 ¢ 3 Npeace 2
] n 4
= 10 W Nas-coor <4
2
10 E L L L L L L L L L L L L L L L L L L L 3

V [km/s]
NS
o 8 8
§ "o
i

10z ;il '1 [ 1'1’ . '"l n

AR o PV kil o] b,
o FiR

0" energy [eV] H* energy [eV]
Log D e-flux [keV/(cm s srkeV)] C4

AL ST
jo |I||I| i|| ‘ M il | PWL thr | !Wﬂq h‘
i

s |IJII Ih' I T ‘|u| ||1| :i|!.'-!
mw F! nl!”" JIMH ‘;i-ll L | iy HH il |~lh IHHKA “r"!“?) .

i nmwln“ A T
9 1*| LHIE‘"!,'\ h,'.l, :if mhﬂ'ﬂ || i |1‘ |;|||||!||I Hlil:] 'l'i}r:ﬁlh

10:20 10:25 10:30 1035 1040
13-Mar-2002

pitch angle

07 -500eV

OU‘I

——
] ——
T+

=%

O
O

pitch angle
S
wv

O

Log D e-flux [keV/(cm s srkeV)] C4

O

07 3000-6000eV O* 500-3000eV
»
o

pitch angle
S
w

> O

Figure 5.2: Oxygen acceleration at high altitudes by static electric fields.
Panel (a) shows the IMF from ACE time-shifted by ~50min, (b) the mag-
netic field from FGM on Cluster 4 (C4) in GSE coordinates, (c) the density
from EFW and CIS-CODIF on C4 and from PEACE on C2. Panel (d)
shows the proton velocity from CIS-CODIF on C4. The data gap is due
to the lack of protons in the lobe. Panel (e) shows the proton spectrogram
and (f) the oxygen spectrogram from CIS-CODIF on C4. In panels (f)-(i)
there can be some cross-talk from proton to oxygen CODIF channels, but
the regions indicated by blue boxes in panels (g)—(i) have been carefully
checked and contain essentially only oxygen ions. The pitch angles of the
observed oxygen ions are shown in panel (g)—(i) for ions with energies up
to 500eV, 500eV-3keV and 3-6 keV respectively. During the time 10:20—
10:27:30 UT and 10:32:30-10:40 UT the spacecraft are in the cusp. Between
10:29-10:31 UT the spacecraft are in the lobe. The narrow regions indicated
around 10:27:40UT and 10:32:40 UT include strong electric fields; see also
Figure 5.3.
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Figure 5.3: The electric field in GSE coordinates from C4 and the jump
in the electric potential over the boundary between the lobe and the cusp.
The solid line in the lower panel corresponds to the best estimate of the
boundary motion from E x B observations. The dashed lines give the upper

and lower limits from the potential jump based on the lower and upper limits
for the boundary velocity.
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5.2. OBSERVATION OF ION HEATING AT HIGH ALTITUDE
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Figure 5.4: The spectral density calculated during 2 minutes in the lobe (red
dashed line) and during 4 minutes in the cusp for two different time intervals
(black and blue line). The thicker lines are linear fittings to the spectral
density. The lines at 0.05 Hz indicates the oxygen ion gyro frequency.



Chapter

Future work

The structure and location of the separatrix region needs to be further stud-
ied to reveal its characteristics and effects on the magnetosphere. Possibly,
the ion energization that occur on small scales in the separatrix region could
have large impact on the dynamics of the magnetosphere and the ion out-
flow from the ionosphere. The separatrix region also holds the key to how
the X-line affects the particles on small scales. These particles may then
transport mass and energy over large distances, e.g. in ion jets, and af-
fect the whole magnetosphere. It is important to study these effects and to
determine which physical processes are most important.

The importance of the ion energization mechanism in the separatrix
region needs to be further evaluated. To do this, it is necessary to find
additional events and events where a larger amount of oxygen is present.
The ion velocity distribution at different positions relative to the separatrix
region needs to be studied. Such a study would give information about the
development of the ion energization mechanism. Examples with clear elec-
tron and ion edges observed together with oxygen ions would also improve
the understanding of the process.

To further study effects of separatrix regions it is necessary to use space-
craft observations from different altitudes. In the ideal case one would study
conjunctions of several spacecraft (located on the same magnetic field line
at the same time). Several interesting features can then be determined.

e The evolution of the width of the separatrix region.
e Where can the density cavity be found? And how is it created?

e Are the separatrix regions and the observed parallel currents found all
the way down to the ionosphere?

e Does the electric field change with the distance from the X-line and
the altitude? How does it affect the ions at different altitudes?

e Does the ion energization change with the distance from the X-line?
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e Can the ions that are energized by potential jumps at low altitudes
be observed at higher altitudes? Does the potential jump change with
the distance from the X-line?

e How does the ion velocity distribution change with altitude, and what
can it tell us about the heating mechanism?

e Can we determine the evolution of the electron and ion edges? How
do the electron and ion edges correlate to the energized oxygen ions?

e How is plasma transported in the separatrix region?

The answer to these questions tell us how the separatrix region changes
with distance from the X-line and with altitude. Observations at different
altitudes can also give information to compare the characteristics of the
separatrix region to the diffusion region close to the X-line.

In 2014, the NASA Magnetospheric Multi Scale (MMS) mission will be
launched. Similar to Cluster, it will consist of four spacecraft but the space-
craft separation is planned to be smaller, down to ~10 km. This will provide
measurements with higher resolution and precision and the separatrix region
can be studied in more detail. The Cross-Scale mission is another spacecraft
mission being planned within the ESA cosmic vision. It would consist of up
to 12 spacecraft with a separation from ~10km to more than an Earth ra-
dius. This would be an ideal mission to study separatrix regions that have
different scale-lengths in different directions (stretched in one direction and
narrow in another).

To further develop the understanding of the magnetosphere and the sep-
aratrix regions, one should also observe separatrix regions under different
plasma conditions. In this thesis, we have studied separatrix regions at the
magnetopause with dense and cold magnetosheath-like plasma on one side,
while on the other side, we found in one case, hot and diluted magnetospheric
plasma in one case; in the other case, almost no plasma at all. The separa-
trix region at the magnetopause on the magnetosheath side or a separatrix
region in the magnetotail would provide different plasma conditions. A few
studies of these regions exists (Lavraud et al., 2005; Wygant et al., 2005),
but they need to be complemented by electric field and electron data and, if
possible, observations of heavy ions. Comparing similarities and differences
would provide important understanding of the processes in and around the
separatrix region.

As an extension of these studies the loss of ionospheric plasma due to
the separatrix region should be estimated. This would provides one measure
of the importance of the separatrix region.

Finally, to get a full understanding of how the density cavity and electric
field is created in the separatrix region, numerical simulations should be
performed under realistic conditions. Most of the numerical simulations use
an unrealistically large electron mass. This does not affect the reconnection
rate, but it does affect the electron dynamics. A detailed investigation of the
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separatrix regions including their width, the size of the density cavity and
the location of the normal electric field should be done. A further discussion
of the origin of the normal electric field and the density cavity would also
be necessary.

The overall goal for space observations and numerical simulations, as
discussed in this thesis, is to understand how magnetic reconnection works
and how it affects plasmas in planetary magnetospheres, the solar wind, the
solar corona and other astroplasmas.
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Abstract. Using data from the four Cluster spacecraft we
study the separatrix regions of magnetic reconnection sites
at the dayside magnetopause under conditions when re-
connection is occurring in the magnetopause current layer
which separates magnetosheath plasma from the hot magne-
tospheric plasma sheet. We define the separatrix region as
the region between the separatrix — the first field line opened
by reconnection — and the reconnection jet (outflow region).
We analyze eight separatrix region crossings on the magne-
tospheric side of the magnetopause and present detailed data
for two of the events. We show that characteristic widths
of the separatrix regions are of the order of ten ion inertial
lengths at the magnetopause. Narrow separatrix regions with
widths comparable to a few ion inertial lengths are rare. We
show that inside the separatrix region there is a density cavity
which sometimes has complex internal structure with multi-
ple density dips. Strong electric fields exist inside the separa-
trix regions and the electric potential drop across the regions
can be up to several kV. On the magnetosheath side of the re-
gion there is a density gradient with strong field aligned cur-
rents. The observed strong electric fields and currents inside
the separatrix region can be important for a local energiza-
tion of ions and electrons, particularly of ionospheric origin,
as well as for magnetosphere-ionosphere coupling.

Keywords. Magnetospheric physics (Magnetopause, cusp,
and boundary layers) — Space plasma physics (Discontinu-
ities; Magnetic reconnection)

Correspondence to: T. Lindstedt
BY (toli@irfu.se)

1 Introduction

Magnetic reconnection is an important process that occurs
in different plasma environments: in the Earth’s magneto-
sphere, at the Sun, in astrophysical plasmas as well as in
laboratory plasmas (Biskamp, 2000). At the Earth’s mag-
netopause, magnetic reconnection is the dominant process
responsible for the entry of solar wind plasma into the mag-
netosphere, as well as for the transfer of energy across the
magnetopause.

Reconnection geometry can be divided into two main re-
gions: these are the inflow region where plasma is on a large
scale drifting towards the current sheet, and the outflow re-
gion where accelerated plasma jets away from the X-line.
The regions between outflow and inflow regions can have
complicated structures that depends on the properties of the
reconnecting plasmas. These regions can be described in dif-
ferent ways. In the MHD description of steady reconnection
of two similar plasmas, outflow and inflow regions are sep-
arated by a pair of slow shocks originating in the diffusion
region (Petschek, 1964). In the case of asymmetric recon-
nection, as at the magnetopause, the MHD description pre-
dicts an Alfvén wave (rotational discontinuity) on the mag-
netosheath side and a slow expansion fan on the magneto-
spheric side (Levy et al., 1964). Depending on the asymme-
try the structure of discontinuities can be different (Lin and
Lee, 1994). The simplified MHD description of discontinu-
ities has been successful in explaining low altitude observa-
tions of ion and electron signatures (Lockwood et al., 1996).
More complicated MHD discontinuities develop when plas-
mas are different on either side of the current sheet and/or the
reconnection is time varying (Semenov et al., 1992; Biernat
et al., 1998).
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Fig. 1. Simplified sketch of a reconnection layer formed by an
X-line at the magnetopause. The separatrices are the magnetic field
lines connected to the reconnection X-line. Just inside the separatrix
are the electron edges in yellow. The purple lines illustrate the ion
edges that are closer together than the electron edges due to the
time-of-flight effect. Between the separatrices and ion edges are
the separatrix regions in grey. Between the ion edges is the outflow
region. Spacecraft orbits for the two events that are discussed in
detail are shown by orange (12:51 UT) and pink (13:11 UT) lines.
This figure is similar to Fig. 5 in Gosling et al. (1990).

Detailed experimental studies reveal that it is usually dif-
ficult to identify fluid boundaries in the data, such as slow
shocks. Instead, it is useful to introduce the separatrix region
(see Fig. 1). The separatrix region is between the separatrix,
the first field line opened by reconnection, and the reconnec-
tion jet (outflow/field reversal region, Fig. 1). To identify
the separatrix region kinetic particle signatures are impor-
tant (Gosling et al., 1990; Vaivads et al., 2006; Khotyaintsev
et al., 2006). The separatrix regions are at one side bounded
by the separatrices — the magnetic field lines connected to
the reconnection X-line. The separatrices are located very
close to the electron edges as electrons propagate relatively
fast along the magnetic field. The magnetospheric electron
edge (E2) is where (going from the magnetosphere to the
magnetosheath) the first electrons originating in the magne-
tosheath are observed. Similarly, the magnetosheath electron
edge (E1) is located where (going from the magnetosheath
to the magnetosphere) the first magnetospheric electrons are
observed. The separatrix regions contain a mixture of mag-
netospheric and magnetosheath electrons but not of ions. The
ion edges are defined in a similar way (see also Gosling et al.,
1990). In some studies a difference is made between the ion
edge and the fluid boundary of the reconnection jet (Bog-
danova et al., 2006). In particular, this is possible to do at
lower altitudes. However, similar to Gosling et al. (1990),
we do not make such a distinction because at the magne-
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topause it can be difficult to separate these boundaries. Thus,
at the magnetospheric side the ion edge approximately coin-
cides with the boundary of the reconnection jet (outflow/field
reversal region in Fig. 1). Most of the magnetic field rotation
from the magnetosheath to magnetospheric orientation hap-
pens inside the outflow/field reversal region bounded by the
ion edges.

The separatrix region on the magnetospheric side of day-
side magnetopause has been extensively studied at low alti-
tudes (Lockwood et al., 1994, 1996, Sandholt et al., 1998,
2002) and mid (5-7 Rg) altitudes (Topliss et al., 2001; Bog-
danova et al., 2004, 2006), as well as close to the mag-
netopause (Gosling et al., 1990; Khotyaintsev et al., 2006;
Retino et al., 2006). In some studies the separatrix region is
referred to as the electron edge of the low latitude boundary
layer (e.g. Bogdanova et al., 2006). On the basis of 8 events
Bogdanova et al. (2004) discuss plasma and wave signatures
characteristic for the separatrix regions (ULF waves, elec-
tron beams and outflow of ionospheric ions). Topliss et al.
(2001) and Bogdanova et al. (2006) presented large statisti-
cal studies of this region. They found that the region can be
up to 2°ILAT thick. The median thickness was estimated
to ~0.2° ILAT corresponding to roughly about 600 km at the
magnetopause.

Separatrix regions are important for the coupling between
the Earth’s magnetosphere and the ionosphere, as they con-
nect X-lines at the magnetopause to the ionosphere. It
has been shown that separatrix regions can extend far from
the X-line and still keep their narrow (ion inertial length
scale) width as well as strong currents and electric fields
(Khotyaintsev et al., 2006). Possible manifestations of the
separatrix regions are strong auroras at the plasma sheet
boundary layer (PSBL) for reconnection in the magneto-
tail and poleward moving auroral forms, PMAFs, (Sandholt
et al., 1998, 2002) for reconnection at the dayside magne-
topause.

Earlier studies of separatrix regions have led to a signifi-
cant improvement in understanding of the basic structure of
these regions. It has been shown that ions are not “frozen-in”,
E+v; x B#0, in the separatrix region (Khotyaintsev et al.,
2006). The deviation from the “frozen-in” condition oc-
curs on scales comparable to or smaller than the ion iner-
tial length, A;=c/w,;, and is mainly provided by the Hall
term and electron pressure effects in the generalized Ohm’s
law (André et al., 2004; Vaivads et al., 2004b; Khotyaintsev
et al., 2006). The separatrix regions are regions of strong
electric fields, currents and wave activity. As in the case of
the slow shock, plasma heating and energization takes place
in the separatrix region (Wygant et al., 2005; Vaivads et al.,
2006; Topliss et al., 2001; Bogdanova et al., 2004).

One characteristic feature of separatrix regions is the ex-
istence of a density cavity inside the region (Mozer et al.,
2002; André et al., 2004; Wygant et al., 2005; Cattell et al.,
2005; Retino et al., 2006; Khotyaintsev et al., 2006). Nu-
merical simulations also predict a density cavity as well as
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strong currents and electric fields within the separatrix re-
gion (Shay et al., 2001; Pritchett and Coroniti, 2004). Several
mechanisms have been suggested to explain the formation
of the cavity: electron density decrease close to a separatrix
can be caused by escape of energetic (hot) magnetospheric
electrons to the magnetosheath along a newly opened field
line (Khotyaintsev et al., 2006) and/or due to parallel electric
fields at the separatrix (Cattell et al., 2005). At the same time,
the decrease of ion density within the cavity can be due to the
acceleration of ions by the strong electric fields in the normal
direction as ions move from the magnetosphere into the out-
flow region (Shay et al., 2001; Khotyaintsev et al., 2006).

Systematic statistical studies addressing the internal struc-
ture and the electric and magnetic fields of the separatrix
regions have so far been lacking. Here we present a study
of multiple encounters of separatrix regions by the Cluster
spacecraft during ongoing reconnection at the magnetopause.
We investigate if the features of the separatrix region identi-
fied in single event studies (the density cavity, strong current
and potential jump) are typical for most of the separatrix re-
gion crossings.

2 Data set

We analyze data from the four Cluster spacecraft during the
time interval 12:30—-14:30 UT on 4 January 2004. The space-
craft position is shown in Fig. 2 together with geomagnetic
field lines obtained from the Tsyganenko T96 model (Tsy-
ganenko, 1995). Cluster is located on the dusk side in the
Northern Hemisphere sunward of the cusp. The separations
between the spacecraft are small, about 300 km.

During the time interval we have studied, Cluster is in
burst mode with high sampling rates on all instruments. We
use data from all spacecraft. The electric field is obtained
from the EFW instrument (Gustafsson et al., 2001). EFW
measures two components of the electric field in the space-
craft spin plane low-pass filtered at 180 Hz and sampled at
450 Hz. We use plasma density derived from the spacecraft
potential, available at a resolution of 5 Hz, using an empirical
conversion law (Escoubet et al., 1997; Pedersen et al., 2008)
and calibrated using electron density measured by PEACE.
Thus we can obtain plasma density estimates at a higher
temporal resolution than from particle instruments where the
data must be integrated over the spin period of 4 s to obtain
plasma density. The magnetic field data is from the flux-
gate magnetometer (FGM) (Balogh et al., 2001). FGM has a
sampling frequency of 67 Hz. The electron data is from the
plasma electron and current experiment (PEACE) (Johnstone
et al., 1997; Owen et al., 2001) on spacecraft C2. We have
used the 3DXP product from the high energy electron ana-
lyzer (HEEA), which covers the energy range from 30 eV to
26 keV. The ion data is from the hot ion analyser part of the
Cluster ion spectrometry experiment (CIS-HIA) (Réme et al.,
2001) on C1, which measures the ion fluxes in the energy

www.ann-geophys.net/27/4039/2009/
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Fig. 2. Cluster orbit on 4 January 2004, 12:30-14:30 UT. During
this time interval Cluster moved from [2.3 9.8 5.7] Rg (GSM) to
[3.7 11.2 5.7] Rg (GSM). The maximum separation between the
spacecraft is ~300 km. The plot was created using OVT (http://ovt.
irfu.se).

range from 5 to 32 000 eV/e. From the CIS-HIA instrument
we also use the spin averaged ion velocity moment.

An overview of ACE (Smith et al., 1998; McComas et al.,
1998) and Cluster data during the interval 12:30-14:30 UT
on 4 January 2004 is presented in Fig. 3. The interplanetary
magnetic field (IMF) z-component, measured by the MAG
instrument on the ACE spacecraft, is shown in Fig. 3a to-
gether with the IMF clock angle 6=arctan(B,/B;). This
means that 0° and 360° correspond to positive B;, 90° to pos-
itive By, 180° to negative B, and 270° to negative By. The
IMF is predominantly southward, with B, (GSM) varying

Ann. Geophys., 27, 4039-4056, 2009
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Fig. 3. Overview of the Cluster magnetopause crossing on 4 January 2004, 12:30-14:30 UT from SC1. Panel (a) shows the interplanetary
magnetic field (IMF) B; and the clock angle observed by the ACE spacecraft. Panel (b) shows the solar wind pressure and the estimated
distance to the magnetopause. Panels (c—g) contain data from Cluster. Panel (¢) shows the GSM components and magnitude of the mag-
netic field. Panel (d) shows the ion velocity in GSM coordinates. Panel (e) shows three different plasma density estimates based on the
spacecraft potential, electron instrument PEACE and ion instrument CIS data. Panel (f) shows the ion differential energy flux spectrogram.
Panel (g) shows the electron differential energy flux spectrogram. The vertical lines mark sub-intervals which are analyzed in detail and
summarized in Table 1. Details for the sub-intervals marked in pink are shown in Figs. 8 and 9.
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between —8nT and 4nT. In Fig. 3b we show the solar
wind dynamic pressure together with the distance between
the Cluster location and the model magnetopause calculated
using the Shue model (Shue et al., 1997). The negative dis-
tance corresponds to locations inside the magnetosphere, as
it is at the beginning of the interval, and the positive distance
corresponds to the location inside the magnetosheath. ACE
is located at the Lagrangian point L1 between the Sun and
Earth. The time delay of the solar wind data is estimated with
the method described by Weimer et al. (2003) with modifica-
tions by Haaland et al. (2006).

Figure 3c—g shows Cluster data during the same inter-
val 12:30-14:30 UT. In the first half of the interval, be-
tween 12:30 and 13:45 UT, Cluster is located primarily in-
side the magnetosphere, and after a number of magnetopause
crossings (change of sign of By and B, between 12:45 and
14:15UT, Fig. 3c) exits to the magnetosheath at 14:12 UT.
At the magnetospheric side the magnetic field is directed pri-
marily along the +B; and — B, GSM. The magnetospheric
plasma is stagnant (flow velocity is close to zero) and has a
relatively low density ~0.5cm™ (Fig. 3d). The ion spec-
trogram at spin resolution in Fig. 3f show omni-directional
ion energy fluxes. Magnetospheric ions (Fig. 3f) and elec-
trons (Fig. 3g) are hot, their temperatures are a few keV
and ~10keV respectively. In the magnetosheath the condi-
tions are very different. The magnetic field is directed pri-
marily along the —B, and +B, GSM. The plasma is rel-
atively dense, ~14cm™>, and flowing around the magne-
topause (negative V,, and positive V, and V; in Fig. 3d) at
~350km/s. The temperature of ions is ~400¢eV and elec-
trons ~100eV.

3 Reconnection evidence

In this section, we discuss large scale evidence of ongoing
reconnection during the selected time interval when Cluster
is located close to the magnetopause. Then we illustrate the
motion of the flux tubes assuming reconnection is occurring.
The kinetic evidence of reconnection based on the electron
distribution properties is discussed in the next section where
two crossings of separatrix region are presented in detail.
Earlier studies show that reconnection at the magne-
topause can be associated with flux transfer events (FTEs),
bulges due to varying magnetic reconnection rate propagat-
ing along the magnetopause (Russell and Elphic, 1978; Sc-
holer, 1995; Khotyaintsev et al., 2004). The multiple cross-
ings of the magnetopause we observe can also be caused by
FTEs. Comparing magnetopause crossings with solar wind
pressure variations in Fig. 3b we find no clear correlation
and thus rule out solar wind pressure variations as a cause
of most magnetopause crossings. During the first part of
the interval Cluster is primarily located inside the magne-
tosphere, the FTEs can be identified in Fig. 3 as encoun-
ters of magnetosheath-like plasma on the magnetospheric
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Fig. 4. The magnetic field in local LMN-coordinates from Clus-
ter 1 for the events 12:47, 12:51 and 12:58, where By, is dark blue,
By is green, By is red and By o7 is light blue. The N-direction
here is the normal to the magnetopause for the entry into the magne-
tosheath at 14:10. This is direction is very similar to the local timing
on the parallel current sheet used in the analysis. The L-direction is
the local magnetospheric direction.

field lines, e.g. at 12:47, 12:51, 12:58 UT. At these times
the magnetic field increases in magnitude, however does not
change to the magnetosheath direction. The ion velocity is
sometimes as high as ~500km/s and the plasma density in-
creases almost to the magnetosheath level. The plasma is a
mixture of magnetospheric and magnetosheath populations.
The magnetic field in local LMN-coordinates from Cluster 1
for the events 12:47, 12:51 and 12:58 are shown in Fig. 4.
The normal component of the magnetic field By (red, nor-
mal direction is determined by inter-spacecraft timing on the
full magnetopause crossing at 14:10) shows a bipolar signa-
ture characteristic for FTEs (Russell and Elphic, 1978; Owen
et al., 2008). By changes from positive to negative, which is
consistent with northward and tailward propagation of FTEs.
The event at 12:51 UT shows a typical bipolar signature of
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Fig. 5. Results of the Walén test for the event at 13:09 UT. The
outflow region is observed for more than 10 s and the result indicate
that reconnection is ongoing sunward of the spacecraft. The blue
line corresponds to the observed velocity and the red line to the
calculated velocity.

an FTE traveling tailward, and the event at 12:47 UT is very
similar. The event at 12:58 UT has a more complicated struc-
ture of the normal magnetic field component; this structure,
however, is likely to be produced by the same process as the
FTE and can be interpreted as overlaid bipolar signatures.

To test for the presence of reconnection locally we have
also carried out the Walén test (Sonnerup et al., 1981) for the
events where there is data from both the outflow region and
the magnetosheath, i.e. when the spacecraft cross the magne-
topause. Figure 5 shows the Walén test for the magnetopause
crossing at 13:09 UT. Figure 5 shows a comparison of the
measured and estimated change of the velocity vy and vy
components. The ratio between the absolute values of the
predicted and the observed magnitudes of the velocity vec-
tors is 0.73 and the angle between the vectors is 7°. The event
at 13:09 UT shows a good agreement between the observed
and predicted ion velocities and we conclude that within the
magnetopause there is likely a rotational discontinuity with
the reconnection X-line located sunward of the spacecraft.
For the events 13:06 and 13:11 UT the crossings of the out-
flow region are very fast and ion moments are measured only
in at most 1-2 points inside the outflow region. However,
these few points cannot be fully trusted because the ion mo-
ments are computed from the data collected during one spin
(~45s), and both the magnetic field and plasma density are
highly variable at such time scales. Thus, we do not expect
a good Walén test for these events. In summary, a reliable
Walén test was only possible to perform on one crossing and
this test suggest that the spacecraft are passing reconnect-
ing flux tubes that has been reconnecting sunward from the
spacecraft in all of the three analyzed crossings.
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Both the polarity of the observed FTEs and the Walén test
indicate that the reconnection site is located sunward from
the spacecraft and this location is further supported by the
Cooling model (Cooling et al., 2001). The Cooling model
predicts the motion of reconnected flux tubes by calculating
their velocity. This is the velocity of the de Hoffman-Teller
frame calculated from the magnetosheath velocity, magnetic
field and density. The magnetosheath magnetic field is from
a model by Kobel and Fluckiger (1994) where character-
istic solar wind magnetic field values for the time interval
12:50-13:10UT is used. The geomagnetic field used by
Cooling et al. (2001) to estimate the magnetopause current
is very simple and the location of the anti-parallel X-line is
approximate. We have made one run of the Cooling model
for characteristic solar wind conditions during the interval
(southward-duskward pointing IMF). In Fig. 6 we show the
predictions of flux tube motion for the location of the recon-
nection X-line at the subsolar point (in Fig. 6a) and where
the reconnecting fields are antiparallel (in Fig. 6b). In the
first case, where we assume that the reconnection occurs near
the subsolar point, see Fig. 6a, the flux tubes connected to
the Northern Hemisphere move poleward and duskward (red
paths) and pass the location of the spacecraft. In the second
case, see Fig. 6b, we assume that reconnection sites are in the
pre-noon sector of the Northern Hemisphere and post-noon
sector of the Southern Hemisphere, as expected from anti-
parallel reconnection (Crooker, 1979), and the model pre-
dicts that we should not expect reconnected flux tubes to pass
the location of the spacecraft. Thus, we conclude that for
characteristic IMF conditions during the interval the recon-
nection X-line is most probably located close to the subsolar
point.

The FTE signatures and the Walén test show the presence
of ongoing reconnection with an X-line located southward
of the spacecraft during the major part of the studied interval
with southward IMF. The Cooling model results indicate that
for these IMF conditions the reconnection X-line is located
near the sub-solar region. Note that there is additional evi-
dence for Cluster crossing reconnected flux tubes related to
the properties of the separatrix regions themselves and that
is discussed in the next section, e.g. the mixture of magne-
tosheath and magnetospheric electrons.

4 Observations of separatrix regions

We have made a detailed analysis of the separatrix region
on the magnetospheric side of the magnetopause reconnec-
tion layer (see Fig. 1). Eight crossings or partial entries into
the magnetopause reconnection layer were selected and are
marked by vertical lines in Fig. 3. The crossings were se-
lected such that all four spacecraft observe similar signatures
in magnetic field and density, thus making it possible to per-
form multi-spacecraft timing analysis (Schwartz, 2000). The
events at 12:47, 12:51, 12:58, 13:46 and 13:55 UT are partial
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Fig. 6. Motion of the opened field lines predicted by the Cooling model. Field lines connected to the Northern Hemisphere are shown in
red and field lines connected to the Southern Hemisphere are shown in blue. In (a) reconnection is initiated near the subsolar point. In
(b) reconnection is initiated in region of highest shear in the Northern and Southern Hemisphere. The position of Cluster is shown with an
asterisk. The diamond show the location of the cusp. The dotted lines are contours in XGsm-

entries into regions with magnetosheath-like plasma located
on magnetospheric field lines; the dominant magnetic field
component B, does not change sign throughout the cross-
ing and thus the magnetic field preserves its magnetospheric
orientation. The first event, at 12:47 UT, was analyzed in de-
tail by Khotyaintsev et al. (2006). Note that some of these
events may look like full crossings of the magnetopause re-
connection layer in the overview plot (Fig. 3), e.g. 13:46 UT,
but this is due to a short time delay between a partial and
a full crossing. In the other events, at 13:06, 13:09 and
13:11 UT in Fig. 1, the spacecraft fully cross the main mag-
netopause current layer (identified by the change of B, sign).
We find similar characteristics for the eight events we have
studied and present detailed data for the two sub-intervals
(at 12:51 and 13:11 UT) marked with pink on top of Fig. 3.
These two cases represent the two different situations: a par-
tial (12:51 UT) and a full (13:11 UT) crossing of the magne-
topause reconnection layer.

4.1 Full crossing of the magnetopause reconnection
layer, 13:11 UT

The observations are presented in the local LMN-coordinate
system of the magnetopause obtained from minimum vari-
ance analysis (MVA). The N direction given by MVA is
consistent with normal direction obtained from timing anal-
ysis of the magnetopause crossing (both density and mag-
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netic field). Observations of the magnetopause crossing at
13:11 UT are shown in Fig. 7. The panels from top to bot-
tom show: plasma density from EFW spacecraft potential
(Fig. 7a), LMN-components of the magnetic field from FGM
(Fig. 7b), N (Fig. 7c) and L (Fig. 7d) components of plasma
flow velocity, full (green) and perpendicular (red) from CIS-
HIA and E x B from EFW, antiparallel (Fig. 7e) and parallel
(Fig. 7f) to B electron fluxes from the PEACE 3DXP prod-
uct (HEEA sensor) which has been rebinned using the actual
magnetic field measured by the FGM.

Cluster is located in the magnetosheath (high density side)
in the beginning of the interval and plasma flow is nearly
parallel to B. Then plasma convection in the N direction in-
creases (magnetopause moves outward) and Cluster crosses
the main magnetopause current layer between 13:10:58 and
13:11:06 UT where By changes sign. On scales larger than
ion inertial length vgpw~vcis) and this velocity reflects the
overall motion of the magnetopause (marked by the green
bar in Fig. 7) in the normal direction. Inside this current
layer there is also an accelerated plasma flow in the L di-
rection and we can identify the outflow/field reversal region
(green bar marked OR in Fig. 7) bounded by the ion edges
(purple bars). The ion edge on the magnetospheric side is
identified at the main density gradient, that is the edge of
the bulk flow of the reconnection jet. On the magnetosheath
side the ion edge is located outside the field reversal region
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Arrow in the top panel marks the time interval presented in detail in Fig. 8.
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at the edge of the ion jet. By is negative, which is consistent
with reconnection X-line being sunward from the spacecraft.
While in the magnetosheath, at 13:10:20 UT Cluster detects a
sharp increase in anti-parallel (away from the magnetopause)
electron flux at energies above 400 eV, i.e. electrons of mag-
netospheric origin. At the same time there is no change in
the parallel flux. We identify this point as the outer sepa-
ratrix or magnetosheath electron edge (El), see Fig. 1. In
the separatrix region on the magnetospheric side of the mag-
netopause, 13:11:06-13:11:28 UT, we observe a mixture of
magnetosheath-like electrons and electrons with energies 1—
10keV, similar to the magnetospheric electron population.
The transition to purely magnetospheric populations happens
at 13:11:28 UT. We identify this point as the inner separatrix
or magnetospheric electron edge (E2).

We further investigate the details of the reconnection layer,
particularly concentrating on its magnetospheric side. Fig-
ure 8 shows detailed observations. Figure 8a—d shows LMN-
components and magnitude of the magnetic field. Figure 8e
shows density derived from the EFW spacecraft potential.
Figure 8f shows the ion energy spectrogram. Note that this
ion spectrogram does not display the spin-averaged flux; it
shows snapshots of the ion energy flux spectra for sub-spin
accumulation periods of ~0.25s. The fact that ion energy
fluxes vary in a periodic fashion simply reflects the presence
of a bulk ion flow relative to the spacecraft which appears
modulated due to the spacecraft spin. Figure 8g shows cur-
rent parallel to the magnetic field. The observed localized
current sheets are too narrow to use multi-spacecraft tech-
niques such as the curlometer (Robert et al., 2000) to estimate
their current density. Instead, we estimate the current using a
single spacecraft method (Luhr et al., 1996): we assume that
changes in the magnetic field are due to plane current sheets
moving across the spacecraft with a velocity, vgis, which is
determined from timing analysis. Figure 8h shows the N-
component of the electric field from EFW. Figure 8i shows
the electric potential which is obtained by integrating the N-
component of the electric field across the boundary. The full
E-field vector is computed from the 2-D electric field mea-
sured by EFW using the zero parallel electric field assump-
tion. Figure 8j—k show the electron differential energy flux in
two directions. The flux is obtained from the PEACE 3DXP
product (HEEA sensor) which has been rebinned using the
actual magnetic field measured by the FGM. Then we se-
lect the sectors being perpendicular (Fig. 8j) and with the
smallest measured angle relative to the magnetic field (the
most parallel direction, Fig. 8k). The observed angle be-
tween the selected sector with the smallest pitch angle and
the magnetic field is shown in Fig. 81 (blue line). The sector
with the smallest pitch angle is often rather far from being
parallel to the magnetic field (up to 60°) and the direction
parallel to B is generally sampled only once per spin (an-
gle ~ 0°). Since the electron distribution is anisotropic, the
changing pitch angle of the parallel sector recorded in Fig. 8k
produces a characteristic periodic pattern. Figure 8m shows
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distance to the magnetopause obtained by integration of the
N-component of the plasma convection velocity, (E x B)y,
shown in Fig. 7c. The time axes of spacecraft SC1, SC3 and
SC4 have been time shifted so that the different spacecraft
data can be compared in the boundary reference frame.

The magnetopause current layer is identified by a change
of By from negative in the magnetosheath to positive in the
magnetosphere. Inside this current layer By, makes a bipo-
lar change (Fig. 8b). Such bipolar signatures are usually at-
tributed to Hall magnetic fields (Vaivads et al., 2004b). The
magnetospheric edge of the By, variation coincides with the
main magnetopause density gradient, at which the density
drops from the magnetosheath to magnetospheric level, and
this is also the location of the ion edge (marked by the purple
bar). At the density gradient there is a strong current par-
allel to the magnetic field (Fig. 8g); the current density is
0.2 uA/m?. The parallel current is produced by Hall currents
flowing towards and away from the X-line, in this case the
strongest parallel current is flowing towards the X-line.

The high energy magnetospheric ion population is present
on both sides of the magnetopause current layer (Fig. 8f).
The magnetospheric population starts at several keV and
goes outside the CIS-HIA energy range. The magnetospheric
edge of the ion jet is located at 13:11:06 UT, at the main
density gradient. At the high density side the plasma is
dominated by the magnetosheath population with a typical
energy of several hundred eV. As the spacecraft cross the
density gradient it moves into a region populated mainly by
plasma of dayside plasma sheet origin. At the same time
(13:11:06 UT) the L-component of the plasma flow velocity
decreases (Fig. 7d). The ion jet (V2 ~200km/s), accelerated
by the J x B force, is localized inside the magnetopause cur-
rent layer and is directed mostly perpendicular to B. On the
magnetospheric side the main density gradient bounds the
ion jet and we identify it as the “ion edge” (I2), see Fig. 1.
Some magnetosheath ions with flux lower than in the mag-
netosheath are still seen within the gyroradius distance from
the density gradient, p; ~230km, and even deeper inside the
magnetosphere (seen around 13:11:22 UT in Fig. 8f, and a
corresponding secondary velocity peak in Vp in Fig. 7d).
The ion edges bound the outflow region observed between
13:10:58-13:11:06 UT where the plasma flow L-component
increases in Fig. 7. On the magnetosheath side the ion edge
cannot be well defined due to the data resolution and the
larger gyroradius of magnetospheric ions. A good estimation
of the position of the ion edge on the magnetosheath side is
at the start of the accelerated ion flow, i.e. where the longi-
tudinal plasma flow, V, in Fig. 7 increases as the spacecraft
enter the outflow region from the magnetosheath.

Prior to the magnetopause current layer crossing we
observe mainly the magnetosheath electron population in
Fig. 8j and Fig. 8k, with electron energies up to 200eV
(T,~40¢eV). On the magnetospheric side of the magne-
topause current layer (on the low density side) the magne-
tosheath population is of much lower density, and it is mixed
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Fig. 8. Cluster crossing of the magnetopause reconnection layer on 4 January 2004, 13:11 UT. Panels (a—d) show the magnetic field LMN-
components and magnitude of the magnetic field for all four spacecraft. Panel (e) shows the density and the density on a different scale
from C1, (f) the energy spectrogram of ions over all angles from C1, (g) the current density parallel to the magnetic field, (h) the normal
electric field, (i) the electric potential, (j) the energy spectrogram of electrons perpendicular to the magnetic field from C2, (k) the energy
spectrogram of electrons with the smallest measured pitch angle, from C2 and (1) the pitch angle of electrons in panel (k), (m) the distance
to the magnetopause. The black, red, green and blue lines represent spacecraft 1, 2, 3 and 4, respectively. The LMN-directions are the same
as in Fig. 7. The time axes for spacecraft 1-4 are shifted by [1.0 0 0.5 —0.3]s.
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with the magnetospheric population (energies above 2keV,
T,~2keV). Alongside with high energy (above 2 keV) mag-
netospheric electrons, electrons in the intermediate energy
range 0.2-2keV (above typical magnetosheath energy and
below the magnetospheric) are observed between 13:11:06
(magnetospheric ion edge) and 13:11:28 UT, which we have
identified as “magnetospheric separatrix”. The region be-
tween the separatrix and the ion jet, is the “separatrix re-
gion”. At the magnetospheric side of the separatrix (after
13:11:28 UT) electrons have a typical distribution with a nar-
row loss cone, calculated to be ~2°. The loss cone appears
as periodic pattern in the parallel electrons (Fig. 8k) observed
after 13:11:28 UT; the pattern is created due to a variation of
the detector angle with respect to B: minima are seen when
the angle (Fig. 81) is close to zero. When plasma crosses the
separatrix from the closed magnetic field lines of the mag-
netosphere to the open field lines of the separatrix region,
parallel magnetospheric electrons start to escape to the mag-
netosheath creating a wider loss cone. At the same time also
the magnetosheath electrons enter the separatrix region along
the open field lines. During the magnetopause current layer
crossing these electrons can be further accelerated into the in-
termediate energy range 0.2-2 keV that is higher than typical
electron energies in the magnetosheath. Such electrons with
parallel energies less than 2keV are observed at 13.11:28,
24,20 UT, e.g. at times when PEACE samples the most field
aligned population (pitch angle ~0° in Fig. 8I). We locate
the separatrix around 13:11:28 UT where the most energetic
parallel electrons start to disappear and the accelerated mag-
netosheath electrons appear.

The separatrix region is 2400 km wide (Fig. 8m) and it
coincides with a region of increased magnetic field magni-
tude and decreased plasma density (cavity, Fig. 8¢). How-
ever, it is important to notice that the density is derived from
the spacecraft potential and changes in the spacecraft poten-
tial are mainly related to variations in electron density, but
also depend slightly on variations in electron temperature.
Therefore on boundaries separating plasmas of different tem-
peratures and densities, as in our case the separatrix region,
the estimation of the density from the spacecraft potential is
more complicated and the absolute depth of the density cav-
ities needs to be further investigated. The density/spacecraft
potential cavities are characteristic for separatrix regions on
the magnetospheric side and they can even be useful in the
identification of separatrix regions. In the cavity there are at
least two individual density dips (Fig. 8¢), cach a few seconds
long. Multi-spacecraft data allow us to see that the observa-
tions of the individual density dips are time lagged among the
spacecraft in such a way that we can conclude that the space-
craft cross multiple density dips and do not make multiple
encounters of the same density dip.

Inside the separatrix region there are strong normal electric
fields (En, Fig. 8h) up to 30 mV/m. The estimated change
of the electric potential across separatrix region is 4kV be-
tween 13:11:05-13:11:16 UT. The small distance between
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13:11:16-13:11:28 UT does not affect the electric potential
considerably.

4.2 Partial crossing of the magnetopause reconnection
layer, 12:51 UT

The event at 12:51 UT (partial BL crossing, FTE) is pre-
sented in Fig. 9 (the format is the same as for Fig. 8). In this
case the reference system based on the minimum variance
analysis is not appropriate because the spacecraft does not
cross the main magnetopause current, but the parallel current
sheets within the boundary layer, where the minimum vari-
ance analysis does not gives reliable results. Instead we use
N=L x(nx L), where n is the boundary normal given by the
boundary velocity vgis=vgisi which is determined from the
time delays between observations of the boundary by differ-
ent spacecraft. The timing analysis is made on both the par-
allel current sheet and the density gradient to give the best
fit over the boundary. Note that this parallel current sheet
is not the main magnetopause current layer, but a local cur-
rent sheet located on the magnetospheric side from the mag-
netopause current layer on the border between the magne-
tosphere (separatrix region) and the outflow region. The L-
direction is the direction of the magnetic field inside the mag-
netosphere. M completes the orthogonal system M =N x L.

In the event at 12:51 UT the longitudinal component of the
magnetic field (B, in Fig. 9a) decreases to almost zero but
does not change sign. It means that the spacecraft does not
cross the main magnetopause current layer but enters into it
and then return back to the magnetosphere. At 12:51:46 UT
perpendicular electrons in Fig. 9j show a characteristic tran-
sition from the hot magnetospheric plasma (electron tem-
perature 7,~3 keV) to the colder magnetosheath-like plasma
(T,~80¢eV). Low energy perpendicular electrons are not
present prior to the transition. The flux of high energy mag-
netospheric perpendicular electrons drastically decreases at
the transition; however, some of these electrons are still
present after the transition. The first magnetosheath ions (en-
ergies between 100 eV-3 keV) are observed at the transition
corresponding to the ion edge (purple bar), as seen in the high
resolution time-energy ion spectrogram (Fig. 9f). Magneto-
spheric ions (~10keV) are still present after the ion edge.
After 12:51:46 UT there are mixed ions and electrons from
the magnetosheath and the magnetosphere. At the same time
the ion velocity (not shown) increases to about 300 km/s
which means that the spacecraft enters the ion jet (reconnec-
tion outflow/field reversal region). The density in the outflow
region (n~6 cm™?) is significantly higher than the magneto-
spheric density (n~0.5cm™3).

The region prior to 12:51:33 UT we identify as the separa-
trix (marked with a yellow bar in Fig. 9). The identification
of this region as the separatrix is based on observing the elec-
trons parallel to the magnetic field in Fig. 9k (at times when
the parallel sector is aligned with B, i.e. the angle in Fig. 91
is close to zero). Parallel electrons are observed at energies
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Fig. 9. Cluster crossing from the magnetosphere into the reconnection layer on 4 January 2004, 12:51 UT. Format of the figure is the same
as for Fig. 8. The LMN-directions are : L=[—0.21 —0.95 0.25], M=[—0.08 0.27 0.96], N=[0.92 0.40 —0.04] in GSE. The velocity of the
discontinuity is vgjs=176[—0.92 —0.40 0.04] km/s GSE. The time axes for spacecraft 1-4 are shifted by [—0.42 0 —1.40 0.03]s.

~0.5-1keV which is lower than the plasma sheet energies to the first opened field line. A similar distribution with paral-
and, thus, originate from the magnetosheath, i.e. being the lel magnetosheath ~1 keV electrons is observed at the sepa-
most energetic part of the magnetosheath population. We ex- ratrix during the first event (see Fig. 8, 13:11:28 UT). In con-
pect to observe such magnetosheath electrons only very close trast to the first event, where such a distribution is observed

Ann. Geophys., 27, 4039-4056, 2009 www.ann-geophys.net/27/4039/2009/



T. Lindstedt et al.: Separatrix regions of magnetic reconnection at the magnetopause 4051

only during one spacecraft spin and the separatrix can be lo-
cated very precisely, such a distribution is observed for many
spins in this second event and the separatrix is observed for
a longer time interval in Fig. 9. However, this interval still
corresponds to a very narrow region in space. For this event
we calculate the distance in the same way as for the previous
event. Prior to 12:51:33 UT the spacecraft move very slowly
and efficiently stay at the same position relative to the mag-
netopause (Fig. 9m).

At 12:51:33UT the normal velocity increases to
~180km/s (corresponding to the slope of the distance
D in Fig. 9m) and the spacecraft cross the separatrix region
reaching the ion edge at ~12:51:46 UT. The width of the
separatrix region is ~2100km. Similar to the first event,
the separatrix region coincides with the density cavity
and the increased total magnetic field. As the spacecraft
cross the separatrix region and get closer to the ion edge
the characteristic energy of parallel electrons continuously
decreases (Fig. 9k); the energy of the parallel electrons
is changing more gradually than the rapid change in the
perpendicular electrons at 12:51:46 UT in Fig. 9j. After the
ion edge (12:51:47UT) magnetosheath electrons are the
dominant population.

Strong electric fields normal to the boundary (Ey, Fig. 9h)
with amplitude up to 50 mV/m are observed inside the sepa-
ratrix region. By integrating the normal electric field we get
the electric potential which will affect ions crossing the sepa-
ratrix region (Fig. 91). Inside the separatrix region the poten-
tial first increases and then decreases and in total the electric
potential changes by 1.4 kV across the region. The steady po-
tential increase inside the outflow region (after 12:51:47 UT)
is due to the large plasma convection there. The strongest
electric fields are localized on the low density side of the
main density gradient. In Fig. 9g there is a current paral-
lel to the magnetic field with a magnitude of 0.2 pA/m? at
12:51:47 UT. The parallel current is coinciding with the den-
sity gradient located on the ion edge (I12) in Fig. 1. The mag-
nitude of this parallel current and its location is the same as
for the first event. The calculation of the current depends on
the timing analysis which is valid up to only 12:51:47 UT for
this event so the current estimation is no longer valid.

5 Discussion

We have analyzed in detail eight crossings of the mag-
netopause reconnection layer (marked by vertical lines in
Fig. 3) which are consistent with the spacecraft crossing sep-
aratrix regions of reconnection sites during ongoing recon-
nection. Evidence for ongoing reconnection are based on the
properties of the observed reconnection ion jets and observa-
tions of FTEs as well as observations of separatrix regions.
The Cooling model shows that the observations are consis-
tent with a reconnection site located sunward of the space-
craft.

www.ann-geophys.net/27/4039/2009/

All the events we analyzed show a very similar bound-
ary structure to the ones presented in detail in Fig. 8 and
9. Table 1 presents a summary of the main characteristics
for all these events: the boundary velocity, the width of the
separatrix region (distance between the separatrix and the
main density gradient), potential variation inside the sepa-
ratrix region and the maximum parallel current. For all of
our events summarized in Table 1 we observe a density cav-
ity between the magnetosphere and the outflow region (ion
jet). The cavities contain a density decrease down to about
half of the magnetospheric density and have a width rang-
ing from 300 km (NIC/wpi(MS)~4c/a)pi(5H)) to 2500 km
(’\’9C/G)pi(MS)"’34C/C<)pi(SH))- We find cavities which are
on average much wider than the one found by André et al.
(2004) that is about 300 km, and by Retino et al. (2006)
which is only 100 km wide. A discussion on how the density
cavity is created can be found in Khotyaintsev et al. (2006).
We could not identify the cause of different cavity widths.
Our typical values of the width of the separatrix region can be
compared with the separatrix region width estimates at much
lower altitude in the mid altitude cusp region by Bogdanova
et al. (2006). They find the separatrix region to have widths
up to 2° ILAT with 0.2° ILAT being characteristic value. This
width corresponds to a width of ~600km near the magne-
topause when mapped along the magnetic field and thus falls
within the range of our estimates.

Almost all the magnetopause reconnection layer crossings
show similar characteristic properties of the separatrix re-
gion. The main density gradient defines the edge of the ion
jet and the ion boundary to the the separatrix region. The
outflow region is dominated by plasma of magnetosheath ori-
gin. In the data we see that the outflow region and the mag-
netopause current layer, identified as the time interval when
the By -component rotate from positive to negative values, at
least sometimes overlap (see Fig. 7 and Fig. 8). When the
spacecraft is crossing from the magnetosheath to the mag-
netosphere, there is a sharp change in the ion distribution at
the ion edge; the magnetospheric population becomes dom-
inant, and a rather sharp change in the perpendicular elec-
trons is observed. The parallel electrons, on the other hand,
are changing more gradually and represent a mixture of the
magnetosheath and magnetospheric populations throughout
the separatrix region. Observations of this mixing of mag-
netosheath and magnetospheric electron populations inside
the separatrix region provide additional (kinetic) evidence
for ongoing reconnection. Closer to the main density gradi-
ent we observe mostly the low energy magnetosheath elec-
trons transmitted through the magnetopause. The flux of
such electrons decreases as we move deeper into the magne-
tosphere. Further away from the magnetopause in the mag-
netosphere we observe a loss cone distribution in high en-
ergy magnetospheric electrons created due to escape of en-
ergetic electrons with small pitch angles along the open field
lines. At lower energies magnetosheath electrons are enter-
ing along the opened field lines. The magnetospheric edge
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Table 1. Summary of parameters of the observed separatrix regions on 4 January 2004. The table shows (1) the time of the event, (2) the
velocity of the discontinuity, (3) the width of the separatrix region, (4) the potential change over the separatrix region with the starting
point on the magnetospheric side of the separatrix region, (5) the potential dip with respect to the magnetospheric level and positive sign
corresponds to diverging electric fields and (6) the magnitude of the parallel current. The potential dip is a potential change over a region

smaller than the width of the separatrix region.

Time Vdis width  potential change potential dip  current
(km/h)  (km) kV) (nA/m?)
12:47 270 300 —2.6x1.3 - 0.3
12:51 180 1400 —0.7+0.3 0.8£0.3 0.2
12:58 250 1500 1.14£0.6 —1.0+0.4 0.5
13:06 60 1500 5.4+£0.9 - 0.6
13:09 150 1500 5.4+£1.6 - 0.3
13:11 210 2300 3.84£0.7 - 0.2
13:46 180 2500 0.8£0.8 —1.5+0.5 0.1
13:55 140 300 0.75+0.3 - 0.2

of the separatrix region is the separatrix, a transition from
the open to closed magnetospheric field lines. Low energy
(below the typical plasma sheet energies) field aligned elec-
trons are no longer observed on the magnetospheric side of
the separatrix. This point also coincides with the magneto-
spheric edge of the density cavity.

On the main density gradient which is located on the ion
boundary of the magnetospheric separatrix region we ob-
serve a thin parallel current sheet with typical current den-
sities between 0.1 pA/m? and 0.6 pA/m?. Presumably, these
field-aligned currents are at one end closed by the Hall cur-
rents in the ion diffusion region (Vaivads et al., 2004b), and
at the other end most probably closed through the currents in
the ionosphere. Mapping the field aligned current densities to
the ionosphere results in expected field aligned current densi-
ties at the top of the ionosphere of 200 uA/m?—1200 pA,/m?.
For the mapping we use that B~1/R? and J~1/R? so B~J
and a typical magnetic field value of 20nT in the magneto-
sphere and 4x10% nT in the ionosphere. Large field aligned
currents of hundreds pA/m? have previously been observed
by the low altitude satellites such as Freja and Astrid-II on
similar magnetospheric flux tubes (Stasiewicz et al., 1998;
Ivchenko and Marklund, 2002). In the ionosphere the man-
ifestation of field-aligned currents originating in the magne-
tosheath have been observed, e.g. in the form of poleward
moving auroral forms (PMAFs) (Sandholt et al., 1998).

All observed separatrix regions are associated with strong
electric fields. The strongest electric field component is in
the direction normal to the boundary and the values that we
have observed (e.g. in Fig. 8 and Fig. 9) are of the same mag-
nitude as previously observed by André et al. (2004) and
Retino et al. (2006). Note that it is the tangential electric
field and not the normal electric field that corresponds to
the plasma motion across the boundary. The normal electric
field has a fast fluctuating component with frequency above
a few Hz, that is most probably related to electrostatic lower
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hybrid drift waves that propagate along the cavity (Vaivads
et al.,, 2004a). The normal electric field can be integrated
to obtain the electric potential structure across the separa-
trix region. The studied separatrix regions show that there
exists a potential jump across the separatrix region varying
between 0.3kV and 5.5kV (Table 1). The electric fields ob-
served locally close to the magnetopause will map along the
magnetic field lines into the ionosphere. Thus the local po-
tential drops that are observed across the separatrix region at
the magnetopause can be expected to lead to similar poten-
tial drops down in the ionosphere. The observed values are of
the same magnitude as the ones observed across the dayside
auroral region at low altitudes supporting the idea that such
potential jumps can map down into the ionosphere (Lundin
et al., 1995). The shape of the electric potential across the
separatrix regions is different for the different events; for ex-
ample, in the event of 12:51 in Fig. 9i the electric poten-
tial first increased and then decreased, which corresponds
to diverging electric fields, i.e. pointing outwards from the
separatrix region. For another event at 13:11 in Fig. 8i
the potential monotonically decreases over the separatrix re-
gion and the corresponding electric field is directed from the
magnetosphere to the magnetosheath, similar to the event of
Khotyaintsev et al. (2006). It is important to notice that when
the normal electric field extension in the normal direction is
sufficiently small (in comparison to the ion gyro-radius) ions
entering the separatrix region are accelerated by the normal
electric field and in this way obtain energy comparable to the
potential jump within the separatrix region. This can be par-
ticularly important for cold ionospheric ions that in this way
can increase their energy hundredfold. There are no iono-
spheric ions detected for the current event, however, prelim-
inary studies of other events show that energization of iono-
spheric ions within the separatrix region can be significant.
Also Topliss et al. (2001), Bogdanova et al. (2004) and Bog-
danova et al. (2006) observed energized ionospheric ions in
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Major X-line

Fig. 10. Illustration of the spacecraft crossings of the magnetopause during reconnection due to multiple X-lines. The major X-line is on the
right and the secondary X-line is on the left. Separatrices associated with the X-lines are marked in red and plasma density is shaded in grey,
density cavities associated with the X-lines can be seen as light grey bands next to the separatrices. Two example crossings by spacecraft
are marked in yellow. The spacecraft on the left crosses a wide cavity with multiple dips due to multiple X-lines, the spacecraft on the right

crosses closer to the major X-line and sees only one narrow cavity.

the separatrix region. Earlier studies show that the strong
normal electric fields are mainly Hall fields, E~jx B/ne,
and do not correspond to the large scale motion of the plasma
(Khotyaintsev et al., 2006).

In 7 out of 8 events we observe a complex internal struc-
ture of the separatrix region with multiple density dips inside
the cavities. The origin of the dips is not fully understood.
One possibility involves existence of multiple X-lines (and
multiple separatrices) due to formation of secondary mag-
netic islands at the reconnection site. The existence of such
islands has been confirmed both using numerical simulations
(Daughton et al., 2006) and spacecraft observations (East-
wood et al., 2007; Chen et al., 2008). If the formation of
a density cavity is characteristic for every active X-line we
could use this to monitor whether reconnection is ongoing at
a single or multiple X-lines. Figure 10 illustrates spacecraft
crossings of the magnetopause with two X-lines. The yel-
low line shows the spacecraft orbit. In the crossing (a) to the
right in Fig. 10 the spacecraft is crossing the magnetopause
near the major X-line and only observe a single separatrix on
the magnetospheric side. The density in Fig. 10 is illustrated
by the grey background color. Light grey color corresponds
to low density and darker to high density. The single sepa-
ratrix crossing then corresponds to the crossing of a single
density cavity. In the crossing (b) to the left in Fig. 10 there
is another X-line present between the spacecraft and the ma-
jor X-line. In this case we observe a density cavity with two
density dips corresponding to crossing two separatrices, one
from the major X-line and one from the secondary X-line. In
the future it is necessary to test if similar wide density cav-
ities with multiple dips can be produced in numerical sim-
ulations and whether multiple dips are correlated with the
presence of multiple X-lines.
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6 Conclusions

We have studied Cluster spacecraft observations in the vicin-
ity of the dayside magnetopause on 4 January 2004, between
12:30 and 14:30 UT. During this time the IMF was varying
but mainly directed southward and we find signatures of on-
going reconnection. We analyze in detail eight encounters of
the separatrix region of magnetic reconnection on the mag-
netospheric side of the magnetopause current layer, i.e. the
region located between the inner (magnetospheric) separa-
trix and the reconnection jet.

We find a similar structure of the separatrix region in all
our events: (1) a density cavity, (2) strong parallel currents
which coincide with the ion boundary, (3) strong electric
fields and (4) large potential variations across the region. In
most events there are multiple density dips inside the cavi-
ties. The total width of the cavities varies between 300 km
and 2500 km which is from a few to a few tens of the ion in-
ertial length and consistent with observations at much lower
altitudes (Bogdanova et al., 2006). The electron distribu-
tions observed inside the separatrix regions show a gradual
change in the parallel energy due to transition from the mag-
netospheric to magnetosheath electron population that is con-
sistent with expected signatures when magnetospheric and
magnetosheath electrons mix on newly opened field lines.

The strong parallel currents are concentrated on the main
density gradient on the magnetosheath side of the cav-
ity. Only in one earlier case study by André et al. (2004)
the strong parallel current has been found to be located
on the magnetospheric side of the cavity. The observed
strong currents on the ion boundary of the separatrix region,
when mapped into the ionosphere would correspond to very
strong ionospheric currents, more than 200 uA/m?, which
can be important for formation of the aurora and global
magnetosphere-ionosphere coupling.
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Inside the density cavity we find strong electric fields di-
rected normal to the boundary. We integrate this electric field
to obtain the electric potential structure across the separatrix
region. The electric potential shows potential jumps of sev-
eral kV across the separatrix region. In some cases there
can be internal structure of the electric potential showing di-
verging electric fields but in most cases the potential changes
monotonically across the separatrix region. The strong elec-
tric fields within the separatrix region can contribute to the
energization (by a few keV), of the ions crossing this region.
This can be particularly important for cold ionospheric ions.
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