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Abstract

Magnetic reconnection at the dayside magnetopause is one of the most important mechanisms
that efficiently transfers solar wind particles, momentum, and energy into the magnetosphere.
Magnetic reconnection at the magnetopause is usually asymmetric since the plasma and magnetic
field properties are quite different in the magnetosphere and the magnetosheath. Cold dense plasma,
originating either directly from the ionosphere or from the plasmasphere, has often been observed
at the adjacent magnetopause. These cold plasmas may affect reconnection since they modify the
plasma properties on the magnetospheric side significantly.

This dissertation presents case and statistical studies of the characteristics of the cold ions
observed at the dayside magnetopause by using Cluster spacecraft datasets. The plasmaspheric
plumes have been distinguished from the ionospheric outflows using ion pitch angle distributions.
The ionospheric outflows feature unidirectional or bidirectional field-aligned pitch angle distribu-
tions, whereas the plasmaspheric plumes are characterized by 90° pitch angle distributions. The
occurrence rates of the plasmaspheric plumes and ionospheric outflows and their dependence on
the solar wind/Interplanetary Magnetic Field (IMF) conditions have been investigated. It is found
that the occurrence rate of plasmaspheric plume or ionospheric plasma strongly depends on the
solar wind/IMF conditions. In particular, plasmaspheric plumes tend to occur during southward
IMF while ionospheric outflows tends to occur during northward IMF. The occurrence rate of the
plasmaspheric plumes is significantly higher on the duskside than that on the dawnside, indicating
that the plasmaspheric plumes may lead to a dawn-dusk asymmetry of dayside reconnection.

Furthermore, this dissertation investigates the behavior of the cold dense plasma of ionospheric
origin during magnetic reconnection at the dayside magnetopause. The motion of cold plasmas-
pheric ions entering the reconnection region differs from that of warmer magnetosheath and magne-
tospheric ions. In contrast to the warmer ions, which are probably accelerated by reconnection near
the subsolar magnetopause, the colder ions are simply entrained by ExB drift at high latitudes on
the recently reconnected magnetic field lines. This indicates that plasmaspheric ions can sometimes
play a very limited role in magnetic reconnection process.

Finally, this dissertation examines a controlling factor that leads to the asymmetric reconnection
geometry at the magnetopause. It is demonstrated that the separatrix and flow boundary angles are
greater on the magnetosheath side than on the magnetospheric side of the magnetopause, probably

due to the stronger density asymmetry rather than magnetic field asymmetry at this boundary.
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Chapter 1

Introduction to the Solar-Terrestrial Environments

1.1 Solar Wind and Interplanetary Magnetic Field

The Sun, which is located at the center of the solar system, is the primary source of energy
for the Earth. It is the driver of the disturbances in the near-Earth space environment and the
interplanetary space. The Sun is composed of 90% hydrogen (H), 10% helium (He), and 0.1%
heavier elements (C, N, O) [Kivelson and Russell, 1995]. The hydrogen in the Sun is used as a
fuel and converted to helium through nuclear fusion, which is the Sun’s energy source. A huge
amount of energy is generated from the Sun through this nuclear reaction and expelled into the
interplanetary space.

The Sun radiates a continuous and high-speed flow of ionized gas, or plasma, known as the
solar wind. This was suggested by Biermann [1951] based on the studies of comet tails. The solar
wind consists mainly of electrons and protons with small amount of ionized helium and heavy ions.
The near-FEarth space environment is constantly influenced by the solar wind. The properties of
the solar wind, such as speed and temperature, change as the solar wind flows in the interplanetary
space.

The great pressure difference between the the Sun’s corona and the interstellar space overcomes
the Sun’s gravity and drives the solar wind plasma outward. The fluid theory for the equilibrium
state of the coronal plasma in the gravitational field of the Sun was used to understand solar wind
formation. The fluid model starts with the equations for conservation of mass and momentum in
a fluid, assuming that solar wind is a fully ionized plasma. The solar corona is assumed to be
steady-state, spherically symmetric and isothermal. This model also ignores the magnetic effects
[Kivelson and Russell, 1995]. Parker [1958] predicted the existence of the solar wind by considering
solutions with non-zero flow speeds. He suggested that the solar wind is subsonic at the base of the
corona and is then accelerated to supersonic speed at a critical point. The critical point (or sonic
point) is located at around 4-6 solar radii. The flow speed increases up to 40 solar radii (0.2 AU)
and becomes nearly constant at larger distances [Cairns, 1999].

The solar wind flows radially away from the Sun. The Sun rotates once approximately every
27 days. The solar wind source region is fixed on the rotating Sun. This rotation of the source
region generates sequential arrows of solar wind, which is sketched in Figure 1.1(a). The succession
of fluid flows radially in a different angular direction. There are two types of solar wind known as
“slow” solar wind (& 350 km/s) and “fast” solar wind (a~ 650 km/s). Fast solar wind overtakes
the slower wind and generates a co-rotating interaction region (also a magnetic scattering region)

where the plasma is compressed, as shown in Figure 1.1(b).



Table 1.1. Observed (left) and derived (right) physical properties of the solar wind at 1 AU [Kivelson
and Russell, 1995]

Proton density 6.6 cm™3 Gas pressure (pges = | 30 pPa (pico pascals)
nk(T, + T.)
Electron density 7.1 cm™? Magnetic pressure (Pmag = 19 pPa
B?/240)
He?t 0.25 cm™3 Proton gyroradius 80 km
Flow speed 450 km/s Proton-proton collision 4x 10° s
time
Proton temperature 12 x 10° K FElectron-proton  collision 3x 10° s
time
Electron temperature 1.4 x 10° K Time for wind to flow from | ~4 days (3.5x10° s)
corona to 1 AU
Magnetic field 7 nT (nano tesla) || Alfvén speed ~40 km/s

The solar magnetic field, which is called the interplanetary magnetic field (IMF'), is carried along
with the radial outflow of the solar wind. As a result of the superposition of the motion of outflow
and rotation of the Sun, the magnetic field gets twisted and is forced into a spiral configuration.
This spiral shape is known as the Parker Spiral. The magnetic field is directed outward from one of
the Sun’s magnetic dipole and inward in the other. The different field directions create a thin layer
near the Sun’s magnetic equatorial plane which is called the Heliospheric current sheet (the neutral
current sheet). The Heliospheric current sheet becomes wavy as the Sun rotates (see Figure 1.1(c)).
The Parker spiral is indicated by the yellow arrows in Figure 1.1(c). The magnetic field makes an
angle of ~ 45° to a line drawn from the Sun at one astronomical unit (1 AU, the distance from
the Earth to the Sun) for a 400 km/s solar wind speed [Kivelson and Russell, 1995] (see Figure
1.1(d)). The Sun’s magnetic field has several roles: It stores and releases the magnetic energy; it
may exert a force and thus accelerate the plasma; and it may drive waves or instabilities. Variations
in the IMF and the solar wind affect conditions in the near-Earth space environment and produce
modulations in the geomagnetic activity. The orientation of the IMF is an important factor in the
solar wind-magnetosphere coupling.

Table 1.1 shows the average properties of solar wind at 1 AU [Kivelson and Russell, 1995].
The number densities of the proton, electron, and helium (He?") are typically 6.6 cm™2, 7.1 cm™3,
and 0.25 cm™ at 1 AU, respectively. The average flow speed is about 450 km/s. The proton and
electron temperature are about 1.2x10% K and 1.4x10° K. The embedded magnetic field varies but

has an average value of 7 nT at 1 AU [Kivelson and Russell, 1995].
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Figure 1.1. (a) A succession of the solar wind flow emitted at constant speed from the rotating
Sun, (b) geometry of the interaction between fast solar wind and slower solar wind, (¢) a graphic
image of the Parker spiral (Image courtesy J. Jokipii, University of Arizona), (d) the IMF makes
a 45° (80°) angle with the radial direction at the orbit of the Earth (Jupiter). (Figures 1.1(a), (b)
and (d) are from http://history.nasa.gov/SP-349/p96.jpg)
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1.2 MHD Discontinuities and Shocks

When the supersonic solar wind flow encounters a magnetized obstacle, such as the Earth, a bow
shock and a magnetopause, which are thin boundaries separating adjacent regions, are formed. A
large-scale plasma boundary can be defined by discontinuous macroscopic parameters (such as field,
density, velocity, etc.) in space. The field and plasma parameters across the discontinuity satisfy
certain conditions (called jump conditions) which can be derived using ideal magnetohydrodynamics
(MHD) equations. MHD studies the dynamics of electrically conducting fluids in the presence of
electromagnetic fields. The plasma is treated as a conducting fluid instead of individual particles.
The plasma is assumed to be in thermal equilibrium therefore can be described by a Maxwellian
distribution function. The ideal MHD equations can be written in the form of conservation of mass,
momentum, and energy equations and Maxwell’s equations.

Continuity equation:
dp

il . — 1.1
LT (pu) =0 (1)
Momentum equation:
du B? ) B
— +pu-Vju=-Vp-VI|I— | +(B - V)— 1.2
pT ol V= V=¥ () 1 (B V)L (12
Fnergy equation:
awtotal |:<1 2 Yp 1 2) u-B :|
e v zput ——+ —B*|u-— B 1.3
ot 2" y—1 o to (1:3)
Maxwell’s equations:
a—B*Vx(uxB) (1.4)
ot '
V-B=0 (1.5)

In these equations, p is the mass density, u is the bulk flow velocity, p is thermal pressure, B is
the magnetic field vector, g is magnetic permeability of free space, v is the specific heat ratio, and
Weotql 18 the total energy density, which can be written as

L+LBQ

1.6
y—1 2o (16)

L 5
Weotal = §PU +

Assuming that a plasma flow is in steady-state which implies to be time invariant, all time deriva-
tives are zero so that the set of ideal MHD equations becomes simpler, and can be rewritten as
Continuity equation:

V-(pu)=0 (1.7)



Momentum equation:

B2 B
- V)u+ Vp+V (o) +(B-V)> 0 (L8)
2/ Ho
Energy equation:
1 vp 1 2) u-B }
Vollzpu> + "=+ —B?|u— B| =0 1.9
K2p y—1 o 1o (1.9)
Maxwell’s equations:
Vx(uxB)=0 (1.10)
V-B=0 (1.11)

If the boundary is one-dimensional, i.e., there are variations only along the boundary normal
direction (n-axis), then equations 1.7-1.11 can be rewritten as

Continuity equation:

[pun] =0 (1.12)
Momentum equation:
{ +<+B2> 1BB} 0 (1.13)
UnpU — ' n—-—— = .
Pl P 210 to
Fnergy equation:
1 2 g p) B? Bn:|
Up, | —u°+ ——=) +up— —u-B—| =0 1.14
{p " (2 y—1p " 1o 140 ( )
Maxwell’s equations:
[Bn] =0 (1.16)

Where the notation || is the difference between the values of the quantity on the two sides of the
discontinuity, subscripts n and ¢ indicate the normal and the tangential components, respectively
[Kivelson and Russell, 1995]. These conversion relations are known as the Rankine-Hugoniot con-
ditions (shock-jump conditions) that describe the relations between the upstream and downstream
plasma parameters. The solutions of Rankine-Hugoniot relations provide the descriptions of a
number of different types of MHD discontinuities and shocks.

Two specific parameters can be used to differentiate between different types of MHD disconti-
nuities and shocks: the normal velocity component (u,) and the density jump condition across the
boundary (p). When [u,] = 0, there is no flow of plasma across the discontinuity, and when |[p]
= 0, mass density is constant. This classification categorizes discontinuities and shocks into four
groups: trivial discontinuity, rotational discontinuity, contact discontinuity, and MHD shocks, as

shown in Table 1.2 [Gurnett and Bhattacharjee, 2005]. The tangential discontinuity occurs when



Table 1.2. Categorization of MHD discontinuities and shocks [Gurnett and Bhattacharjee, 2005]

Up =0 Up £ 0
[p] =0 Trivial Rotational discontinuity
[p] #£ 0 | Contact discontinuity Shocks

Table 1.3. Possible Types of Discontinuities and Shocks in Ideal MHD | Kivelson and Russell, 1995]

Tangential discontinuity
Uy, =0, B, =0

Flow and magnetic field are tangential to the boundary.
Total pressure is the same on both sides.

Rotational discontinuity

Bn/(1op)? (Walén

Field and flow change their directions, but not magnitude (in
isotropic plasma).

Up — u, and B,, are not zero.

relation)

Contact discontinuity Flow is tangential to the boundary.

U =0, By £0 The thermal pressure is continuous.

Shocks There is a flow across the discontinuity.

Up £ 0 There is a density and temperature jump across the discontinuity.

Parallel shock B; =0

Opn = 0°, magnetic field does not change at shock.

Perpendicular shock
B,=0

0pn = 90°
Plasma density and magnetic field strength increase.

Oblique shocks
Bt 7& 07 Bn # 0

0° < Op, <90°
Fast shock: Magnetic field strength and plasma pressure in-

crease; magnetic field bends away from the shock normal.
Slow shock: Magnetic field strength decreases; plasma pressure
increases; magnetic field bends towards the shock normal.

B, =0 and u, = 0, which is a special case of the contact discontinuity.

Shock waves are characterized by a non-zero flow and a density jump across the discontinuity.
Shocks can be further classified by their local geometry using 0p,, which is the angle between the
magnetic field and the shock normal upstream [Kallenrode, 2004]. The Earth’s bow shock, other
planetary bow shocks, and most traveling interplanetary shocks in the solar wind are fast shocks.
Table 1.3 shows the classification of MHD discontinuities and shocks and their characteristics based

on the behavior of the u,, and B,,.

1.3 Earth’s Magnetosphere

The Earth’s magnetosphere is shaped when the continuous flow of solar wind interacts with the
Farth’s dipolar magnetic field. The magnetized solar wind plasma sweeps around the Earth’s
magnetic field, forming a bullet shaped magnetic cavity. The shape of the Earth’s magnetosphere
is distorted and its size varies depending on the solar wind conditions. The solar wind exerts

pressure on the dayside Earth’s magnetosphere and stretches the magnetic field on the nightside,



forming the magnetotail. The Earth’s magnetosphere contains the following key parts: the bow
shock, magnetosheath, magnetopause, magnetotail, polar cusps, plasmasphere and radiation belts
(see Figure 1.2). Some of them will be discussed in this section. The Earth’s magnetosphere is filled
with several large scale current systems (gray arrows) shown in Figure 1.3. These electric currents
are the results of the complex interaction between the Earth’s magnetic field and the solar wind.

In this section, I will briefly review the dayside magnetopause current and the cross-tail current.

1.3.1 The Bow Shock

The Earth’s bow shock is a collisionless standing shock, which is formed when the solar wind
traveling at superfast speed encounters the Earth. The shock wave slows down the solar wind,
which is then diverted around the Earth’s magnetic field due to the frozen in magnetic field. The
location, shape, and size of the bow shock vary depending on solar wind/IMF conditions. Farris
and Russell [1994] provided a bow shock model in which the bow shock standoff distance is governed
by the Mach number and the size and shape of the magnetopause.

The average distance to the most sunward tip of the bow shock is approximately 15 Rg and
the average distance to the bow shock in the dawn-dusk side is about 25 Ry, though there is a
dawn-dusk asymmetry |Foirfield, 1971]. The bow shock on the dayside has a fairly elliptical body

shape with an extended tail region on the nightside.

1.3.2 The Magnetopause

The magnetosheath is the transition layer between the bow shock and the magnetopause. The
solar wind is slowed down in the magnetosheath, where kinetic energy is converted to thermal and
magnetic energy, thus the plasma in this region is hotter, denser and slower than the solar wind.
The magnetopause is a boundary which separates the shocked solar wind in the magnetosheath
from the terrestrial magnetic field and plasma (magnetospheric region). The magnetopause can be
represented as either a tangential or rotational discontinuity. When the IMF is northward directed,
a larger part of the dayside magnetopause is likely a tangential discontinuity (u, = 0 and B, = 0,
see table 1.3). The coupling between the solar wind and the terrestrial magnetic fields is small, since
the solar wind plasma and magnetic field cannot penetrate into the Earth’s magnetosphere. This is
called a closed terrestrial magnetosphere. When the IMFE points southward, the magnetopause can
be approximated as a rotational discontinuity (u, # 0 and B, # 0). For southward IMF, there is a
flux of plasma across the magnetopause which allows the penetration of solar wind into the Earth’s
magnetosphere. In these conditions, the magnetosphere is called an open magnetosphere | Gurnett
and Bhattacharjee, 2005]. Observations of the magnetopause thickness show that it varies from 1

to 20 ion gyroradii (100-2000 km).
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Figure 1.2. Sketch of the Earth’s magnetosphere in the noon-midnight meridian. (This figure is
from http://space.rice.edu/IMAGE/livefrom/sunearth.html.)
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Figure 1.3. Main current systems in and around the Earth’s magnetosphere [Baumgjohann and
Treumann, 1996).
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The location of the magnetopause is defined as an equilibrium between the total pressure (dy-
namic, thermal and magnetic pressure) of the solar wind (subscript, sw) and the total pressure of
the magnetosphere (subscript, sp),

B2 B2,

pswvgw00829 + Psw + 2;7;) =Dsp t+ 2010 (117)

where 0 is the angle between the solar wind and the normal direction on the magnetopause. Inside
the magnetopause, the total pressure is dominated by the Earth’s magnetic pressure and thus the
thermal pressure can be ignored. Outside the magnetopause, the solar wind dynamic pressure
contribution dominates.

2

h
Pawy (0520 = 722 ;T@ (1.18)

The component of solar wind dynamic pressure normal to the magnetopause is balanced by the

magnetic pressure inside the magnetopause.

2

Ngwmv3cos?0 — —Lhere (1.19)
2410

The stand-off distance of the magnetopause (R,,,) can be calculated by using the image dipole

model of the Farth’s magnetic field.

Baphere = X 2 (1.20)

12200 = =0 (1.21)

nswmvfwcos20 =( 73
mp

233 1

o L 1.22
oo (Monmvgwcos29)6RE (1.22)

When n = 5 cm™3, vy, = 400 km/s, By = 3x10* nT, and 6 = 0, the stand-off distance of the
magnetopause (R,,) is about ~ 10 Rg [Gombosi, 1998|. The stand-off distance varies from around
4.5 R to 20 Ry in the meridional directions [Fairfield, 1971]. The stand-off distance, the size, and
the shape of the magnetopause depend on the solar wind/IMF conditions.

Ferraro [1952] proposed a simple model of the magnetopause current based on charged particle
dynamics (Figure 1.4). When the solar wind encounters the Earth’s magnetic field, solar wind
particles are turned around by the Lorentz force (F = m”cll—‘g = q(E+ v x B)). Since Lorentz force
depends on the charge, protons and electrons gyrate in opposite directions around the magnetic

field. Protons gyrate in a left-handed sense, whereas electrons gyrate in a right-handed sense. The
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Figure 1.4. A sketch illustrating the formation of the magnetopause current [after Ferraro, 1952].

ions penetrate deeper into the magnetopause than electrons, since the ion inertial length (rr,) is
much longer than the electron inertial length (rz.). Thus the thickness of the current sheet depends
on the ion gyroradius (Larmor radius, ry = %). The relative motion of electrons and ions forms
the magnetopause current (Jy) which flows downward in Figure 1.4 [after Ferraro, 1952]. The
Chapman-Ferraro current [Ferraro, 1952] is the magnetopause current flowing from dawn to dusk

in the equatorial plane.

1.3.3 The Magnetospheric Boundary Layers

The magnetospheric boundary layers are regions of the magnetosphere just inside the magnetopause
and are influenced by the magnetosheath plasma. There are three types of boundary layers dis-
tributed over the magnetopause: the low latitude boundary layer (LLBL), the polar cusps, and the
plasma mantle. The LLBL is the dayside boundary region located earthward of the magnetopause
and extends from dayside to nightside along the flank (Figure 1.5, green region). This region con-

tains a mixture of the magnetosheath and the magnetospheric plasma. The LLBL is found both
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Figure 1.5. Schematic sketch of the magnetospheric boundary layer (left) such as the cusp, the
plasma mantle, and low latitude boundary layer (LLBL) and zoom-in the left figure. (This figure
is from http://magbase.rssi.ru/REFMAN/SPPHTEXT /blayer.html.)

on open and closed field lines over most of the dayside magnetopause.

Chapman and Ferraro [1931] proposed the existence of the regions of null magnetic field in
both the northern and southern hemispheres, known as the polar cusp. It was first observed from
the ISIS 2 mission in 1971 [Heikkila and Winningham, 1971]. The cusp is a funnel-shaped region
located in the high-latitude of both hemispheres, which is marked by the gray shading in Figure
1.5 (right). The location of the polar cusp varies depending on the solar wind/IMF conditions,
especially solar wind dynamic pressure and IMF direction. Zhou et al. [2000] found that the cusp
is generally located somewhere 70°-80° in invariant latitude. The solar wind plasma can directly
penetrate into the Earth’s magnetosphere along open field lines emanating from the polar cusp
region. Therefore, it contains both magnetospheric and magnetosheath plasma since the magnetic
field lines in the cusp connect to all regions of the magnetosphere. Sibeck et al. [1999] showed
that the cusp region is independent of the IMF direction and continuously open to the solar wind
plasma. The dayside auroral precipitation occurs in this region.

The plasma mantle is the extending region poleward of the cusp region which covers much of
the high-latitude magnetosphere as shown in Figure 1.5 (cross section). The high-energy ions (red
dots) convect further across the magnetic field lines, whereas low-energy ions (blue dots) go deeper

into the magnetosphere since the low-energy ions take a longer time to mirror from the ionosphere
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to the magnetosphere. The plasma density in this region varies from 0.01 to 1 cm™2, temperature is
about 100 eV, and the tailward flow velocities 100200 km/s [Rosenbauer et al., 1975]. The density
and energy of the magnetosheath plasma often decrease in the mantle as moving inward from the
magnetosheath towards the magnetosphere, known as a gradual transition region. This region is

thicker during southward IMF than during northward IMF.

1.3.4 The Magnetotail

The Farth’s magnetotail is formed by extending the magnetic field from the cusp to hundreds of
Farth radii on the nightside. It consists of the plasma sheet, a region of closed field lines located
around tail mid plane, and the tail lobe originating from high latitude open field lines at the polar
cap. The plasma sheet maps down to the auroral oval in the nightside. The polar cap region has
open field lines that sweep over the nightside and closed inside the tail and close to the Earth. This
region is located at the higher latitudes over ~70° [Weimer et aol., 1992|. The magnetotail is the
region of storage and release magnetic energy.

In the magnetotail, there is a cross-tail current which flows from dawn to dusk across the plasma
sheet. The cross-tail current separates the southern and northern lobes. It closes through the
magnetopause current. Part of the tail current closes via field-aligned current which flows parallel
to the magnetic field into the ionosphere. This provides a coupling between the magnetosphere and

the ionosphere.

1.3.5 The Plasmasphere

Plasma in the Farth’s magnetosphere comes from two major sources: solar wind and the ionosphere.
Figure 1.6 shows a schematic diagram of the low-energy ions, including sources, outflow rates,
densities, and percentages of the time that the populations dominate outside the ionosphere and
plasmasphere. It shows that the low-energy ions (less than tens of eV) contribute most of the
volume of the Earth’s magnetosphere at least 50-70 % of the time [André and Cully, 2012].

The plasmasphere, an extension of the mid-latitude ionosphere, is a region located in the dipolar
portion of the Earth’s magnetosphere. It is populated by cold (few eV) and dense (10%-10* cm™?)
plasma existing on closed field lines and is co-rotating with the Earth. The plasmaspheric particle
motion is given by combining the corotation potential and the convection potential. Figure 1.7
shows low-energy particle drifts in the equatorial magnetosphere. The solid lines depict the corota-
tional particle motion. The dashed lines are the convecting particle drift paths. On the dawnside,
the corotation and convection electric fields point in the same direction and the plasma drifts sun-
ward. On the duskside, however, the corotation and convection electric fields point in the opposite

direction which generates the bulge in the closed drift region, as shown in Figure 1.7. There is one
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Figure 1.6. Low-energy populations of the ionospheric and plasmaspheric origins, order of magni-
tude outflow rates and densities, and percentage of the time that the low-energy ions dominate in
the magnetosphere [André and Cully, 2012].

point (stagnation point) on the duskside where the electric field or the drift velocity is zero. The
boundary of the trapped plasmaspheric population is called the plasmapause, which is typically
found between 3 and 6 Rg. The plasmasphere shrinks in size for strong sunward convection electric
field. Observations show that the size of the plasmasphere varies with geomagnetic activity, for
example, the smaller size of the plasmasphere is observed during times of higher geomagnetic ac-
tivity. Under steady state conditions, when the strength of sunward convection suddenly increases,
particles that originally located on the outermost closed drift region suddenly find themselves on
open convective paths and they move towards the dayside magnetopause | Grebowsky, 1970]. This is
called the plasmaspheric plume. There is a limitation of the basic assumption in view of the outward
motion of plasmaspheric ions. The particle drift paths caused by the superposed corotation and
convection electric fields require a steady state condition. However, significant sunward convection
may occur after the substorm (especially, after the onset of substorm expansion), which is a non-
steady phenomenon. In addition, injection of higher energy particles into the inner magnetosphere
is not considered in this simple model.

Figure 1.8(a) shows the Earth’s plasmasphere on 24 May 2000 by the IMAGE extreme ultraviolet
(EUV) imager [Sandel et al., 2003]. As shown in Figure 1.8(a), the plume extends sunward from the
eroding nightside plasmasphere. The plasmaspheric plumes are large-scale density structures that
are connected to the main body of the plasmasphere and extended to the outer magnetosphere.

Figure 1.8(b) shows observations of the cold and dense plasmaspheric plume using simultaneous
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Figure 1.7. The sketch illustrates the low-energy particle drifts in the equatorial plane of the
magnetosphere. The dashed lines depict sunward convective flow (or ExB drift), perpendicular
both to the Earth’s magnetic field and to the dawn-to-dusk electric field (E) in the equatorial plane.
The thick solid lines depict corotating plasma flow. Plasmapause is the boundary separating the
convective and corotational flow [Kavanagh et al., 1968].

ground-based total electron content (TEC) maps and measurements from the THEMIS spacecraft
[Walsh et al., 2014]. Walsh et al. [2014] showed that when a coronal mass ejection (CME) impacted
the Earth’s magnetosphere on 17 January 2013, the storm-enhanced density (SED) plume was

extended sunward as streaming out from the inner magnetosphere to the magnetopause.

1.4 The Ionosphere

Low-energy plasma of ionospheric origin with energies below tens of eV is a significant source of
magnetospheric plasma population. The Earth’s ionosphere is a region of the Earth’s upper atmo-
sphere that is formed by interaction between the Farth’s atmospheric neutral gases and ionizing
solar ultra-violet (UV) radiation and precipitating magnetospheric plasma. It extends approxi-
mately from 70 km to 1500 km in altitude. The ionosphere consists of the four different layers (D,
E, Fy and F; layers) which are defined by density profiles of the dayside ionosphere. The D layer
is located below 90 km altitude, the E layer is located between 90 km and 130 km, the Iy layer
from 130 km to 200 km, and the Fy layer extends above 200 km altitude. The electron density
peaks in the Fy layer at about 250 km. OF and NO™ ions are major species in the E layer and
their densities peak at about 110 km. O1 ions dominate above 200 km. The composition of the
ionosphere is controlled by the structure, composition, and temperature of the thermosphere and

also influenced by geomagnetic activity.
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Figure 1.8. (a) The image of plasmasphere observed on 24 May 2000 by EUV, showing that the
plasmaspheric erosion from the nightside plasmasphere causes a dayside plume [Sandel et al., 2003].
(b) Total electron content (TEC) measurements projected onto the equatorial plane showing that
the extended storm-enhanced density (SED) plume with trajectories of the THEMIS spacecraft on
17 January 2013 [ Walsh et al., 2014].
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(a) 1 Sources and Outflow Mechanisms
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Figure 1.9. (a) Schematic diagram of plasma signatures (blue) and outflow mechanisms (red) in
the polar magnetosphere of the Earth [Sandel et al., 2003], (b) flow chart showing the mechanisms

for generating ionospheric outflows [Strangeway et al., 2005]. r is the corresponding correlation
coefficient.
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Particle precipitation and electromagnetic magnetospheric energy inputs to the ionosphere can
heat the ionosphere and cause ions to flow outward from the ionosphere. This process is called
the ionospheric outflow. There are several different mechanisms for the ionospheric outflow in
the high-latitude ionosphere. These mechanisms can be sorted into two categories: bulk ion flows
and suprathermal ion outflows |Yau and André, 1997|. The bulk ion flow comes from the topside
auroral and polar cap ionosphere and include the polar wind and auroral bulk ion up-flow. The
ion flows in this category acquire a bulk flow velocity. The bulk ion flows have energies up to a
few eV. The polar wind can be generated by an ambient plasma pressure gradient and ambipolar
electric field, primarily along the open field lines in the polar ionosphere at lower altitudes. The
light thermal electrons are not as strongly bound by gravity as ions and can diffuse upward to
higher altitudes than ions. This generates a transient upward pointing electric field. The ions can
be accelerated upward in order to achieve quasi-neutrality. Auroral bulk ion up-flow is dominated
by O ions. Auroral bulk ion up-flow is driven by soft electron precipitation and convection-driven
Joule heating. The frictional heating of ionospheric ions in collisional regions below 300 km drives
enhanced both perpendicular and parallel ion temperatures. This increases the upward pressure
gradient. The ions can flow to the higher altitudes to balance this gradient | Yau and André, 1997].

The second category of the suprathermal ion outflows includes ion beams, ion conics, trans-
versely accelerated ions, and upwelling ions. This category involves ion energization process where
only a fraction of the ions is accelerated to higher energies. Both ion beams and conics are dom-
inated by HT and O ions with the energy range from 10 eV to a few keV, which are a common
phenomenon above 1 Ry altitude. Both parallel electric field and magnetic folding play an impor-
tant role in the formation of ion beams at high altitudes. The ion beams have a peak flux along
the upward magnetic field direction. In contrast, ion conics have a peak flux at an angle to the
field direction. The ion conics are caused by the downward Poynting flux, soft electron number
flux, and extremely low frequency (ELF) wave amplitude. Transversely accelerated ions are corre-
lated with the resonant energization by broadband low-frequency waves in the ion gyrofrequency
range and waves near the lower hybrid frequency. The transversely accelerated ions have a peak
flux perpendicular to the magnetic field (~90° pitch angle). Upwelling ions are generated by both
parallel (upward) and perpendicular energization and have energies from one to tens of eV [Yau
and André, 1997].

Figure 1.9 shows (a) plasma signatures (blue labels) and (b) energization mechanisms (red
labels) for the Earth’s ionospheric outflows in the polar regions. The ionospheric source regions can
be classified into four categories: the auroral zone, the cleft ion fountain, the polar cap energetic
outflow, and the polar wind [Chappell et al., 1987]. The auroral zone is a source of a relatively

energetic magnetospheric plasma (10 eV to 10 keV). The ion outflow populations are caused by
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the energization of ions both parallel and perpendicular to the magnetic field in auroral electron
precipitation regions. The low-energy (< 100 eV) Ht and O ions were originated from the dayside
polar cusp region, and this source has been coined as the dayside ion fountain [Lockwood et al.,
1985]. The intermediate energy population (10-100 eV) from polar arcs within the open magnetic
field region, called the polar cap, is the polar cap outflow. The polar wind is a source of the unique
low-energy (a few eV) outflow from all latitude above 51° invariant latitude, overlapping with both
the auroral zone and polar cap regions [Chappell et al., 1987].

Two main mechanisms for generating ionospheric outflows are shown in Figure 1.9(b). Poynting
flux (left hand side), which is the flow of electromagnetic energy, results in ion frictional heating,
which increases the ion scale height. Electron precipitation (right hand side) heats ionospheric
electrons and therefore increases the scale height through the ambipolar electric field. The upper
portion of Figure 1.9(b) shows the observations measured by Fast Auroral Snapshot Explorer
(FAST) at altitudes of 350-4175 km and the lower half of the diagram is the inferred processes that
can be seen to occur at lower altitudes [Strangeway et al., 2005].

Fuselier et al. [1989] observed O1 population in the dayside subsolar low latitude boundary
layer from the AMPTE/Charge Composition Explorer (AMPTE/CCE). The O" population is a
dense and field-aligned flow, which suggests that it directly comes from the high-latitude ionosphere

to reach the dayside boundary layer.
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Chapter 2

Introduction to Dynamic Processes in the Solar-Terrestrial System

2.1 Magnetic Reconnection

There are several mechanisms for the transfer of mass, momentum and energy from the solar wind to
the terrestrial magnetosphere: magnetic reconnection, Kelvin-Helmholtz instability, diffusion, finite
larmor radius effect, impulsive penetration and direct entry via cusp. The dominating mechanism
for the transfer of plasma across the magnetopause is the magnetic reconnection. Reconnection
occurs not only at the Earth’s magnetopause, but also in the magnetosheath, the magnetotail,
the solar wind and at other planets [Borg et al., 2005; Gosling et al., 2007; Retino et al., 2007].
I will briefly review the basic concept of the magnetic reconnection, reconnection models (both
MHD reconnection model and kinetic treatments), and characteristics of reconnection process at
the magnetopause and in the magnetotail in this chapter.

The basic concept of magnetic reconnection at the dayside magnetopause has been proposed by
Dungey [1961]. Magnetic reconnection is a process in which the magnetic topology is rearranged
as illustrated in Figure 2.1. Antiparallel magnetic field lines are frozen into the plasma at t <
0. This magnetic topology exists in thin current sheet such as at the FEarth’s magnetopause and
in the magnetotail neutral current sheet. When two oppositely directed magnetic field lines move
toward the current sheet together with inflowing plasma from both sides, these opposing field lines
cross-link (t = 0). This results in the X-type reconnection configuration. The magnetic field is
zero at the center of the X-point (the magnetic neutral point). The field lines on both sides are cut
into halves and the half-field line from one side is reconnected with that from the other side at the
X-point. This reconnection process also allows a mixture of plasma from both sides of the current
sheet. The newly reconnected field lines straighten out and move away from the neutral point (t >
0). The magnetic energy stored in the original oppositely directed fields is converted into kinetic

energy, thermal energy, and particle acceleration through the reconnection process.
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Figure 2.1. Schematic of the evolution of a 2-D magnetic reconnection configuration [Baumjohann
and Treumann, 1996).
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2.1.1 MHD Reconnection Models

The earlier magnetic reconnection models have used a magnetohydrodynamic (MHD) description.
The MHD reconnection models assume that the resistivity breaks down the frozen-in condition,
which is a necessary condition for the magnetic reconnection to occur. The resistive MHD equations
can be rearranged in the form of the magnetic induction equation (or dynamo equation) that gives
information of the time evolution of the magnetic field. In a simple electrically conducting fluid,

the general induction equation for the magnetic field is written as

%—]:’ =V x (uxB)+MOLOVQB (2.1)
which is obtained from Ohm’s law,
E+uxB=nj (2.2)
and Faraday’s law,
%—]? =-VxE (2.3)

1
oo

conductivity, o is the magnetic permeability in free space, u is the average plasma velocity perpen-

where j is the electrical current density, n is the magnetic viscosity (n = ), o is the electrical
dicular to the magnetic field, E is the electric field, and B is the magnetic field. The first term on
the right-hand side of equation 2.1 is called the convection term, which indicates that the magnetic
field is induced and constantly maintained by convection in the plasma fluid, thus frozen-in. The
second term on the right-hand side of equation 2.1 involves the plasma conductivity (o), is called
the diffusion term. If the plasma conductivity (o) is finite the magnetic field can be changed by
diffusion.

The relative importance of the two terms, convection and diffusion, on the right-hand side of the
induction equation 2.1 can be investigated by the ratio between the convective and diffusive terms.
This ratio can be rewritten as the characteristic speed u and length scale L of the configuration of

the fluid by assuming V ~ 1/L.
| Vx(uxB)| uB/L

~ (2.4)
e VPBl itk
This leads to the definition of the Magnetic Reynolds Number (R,,),
Ry, = pooul. (2.5)

In most regions of space plasma, the Magnetic Reynolds number is very large (R, > 1), such as

the solar wind, and therefore the magnetic field can be considered to be frozen-in to the fluid. The
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Magnetic Reynolds number approaches unity.

tooul =1 (2.6)

The length scale L, which is defined as the current sheet thickness, is determined by a balance
between diffusion and convection at the edges of the current sheet. The current sheet thickness can

be written as
1

HooU

L:

2.7)

However, the frozen-in condition sometimes breaks down in small localized regions to allow magnetic
reconnection to occur. If the length scales are sufficiently small, the conductivity is low so that
diffusion becomes important. Thus, reconnection can occur and rearrange the magnetic topology.
Sweet [1958] and Parker [1957] first proposed the stationary two-dimensional magnetic recon-
nection model shown in Figure 2.2(a). In their model there is a rectangular box with 2L long and 24
wide, where L > § (which is a diffusion region), that is shown shaded. The length of the diffusion
region is of macroscopic scale and the width is estimated by the local resistivity. For simplicity,
the inflow and outflow regions are identified by subscripts in and out, respectively. As stationary
condition requires constant electric fields IV inside and outside the current layer, the rate of flux

change is given by
Vin Bin = Yout Bout = F (2.8)

The flow is assumed to be incompressible (V - v= 0), that is, pm = pour = p, then mass flux is
conserved.

Vind: = Voutd (2.9)

The electromagnetic energy inflowing into the diffusion regions is converted into the kinetic energy
gained by the outflowing plasma. The Poynting flux provides the electromagnetic energy inflow
rate per unit area.
|MﬁEbeE§:W£2 (2.10)
Ho Ho

The rate of kinetic energy gain per unit area in the incident flow is obtained from the changing the

mass flowing in per unit area per unit time.
1 2 2
AW = §pvin(vout - Uz'n) (211)
FEquating between the rates of kinetic energy and electromagnetic energy and using v, > i give

v, B? 1
ZZO = §pvmv§ut (2.12)

21



SO

2#0 2 )
The outflow speed can be written as
B
out \/W ( )

This outflow speed is called the Alfvén speed (V4). V4 is the speed of motion of the Alfvén wave
which propagates along magnetic field lines.

Equations 2.8 and 2.9 state that if L > §, then v,y > v and By, > B,,:. Thus, the kinetic
energy of the outflowing plasma is much larger than the inflowing rate of kinetic energy, whereas the
outflowing magnetic energy is much smaller than the inflowing magnetic energy, when considering
the energy balance. This indicates that magnetic energy is dissipated and converted into kinetic
energy (plasma bulk flow energy and thermal energy) during the reconnection process.

The efficiency of the reconnection can be estimated by the magnetic reconnection rate that can

be defined as the inflow speed into the reconnection site,

1

n = —— 2.15
Vin = 5o (2.15)
1 ) 1 1

2 2
A — - = = 2.16
" Shgo (UOUtL> Yoo L oo LV (2:16)

Thus, the dimensionless reconnection rate can be written as

Vin 1 1 (2 1 7)

Vout - \/,UOO'LVA h ﬁ

where S (= oo LVy4) is Lundquist number that is a Magnetic Reynolds number based on the Alfvén
speed. The frozen-in condition is broken down in this region where the magnetic field lines diffuse
and reconnect.

The Magnetic Reynolds number in all solar-system plasmas is very large so that the magnetic
reconnection rate given by Sweet-Parker model is too slow to explain the rapid energy release such
as solar flares. Figure 2.2(b) shows a Petschek’s reconnection model |Petschek, 1964]. The length
of the diffusion region of Petschek’s model is much shorter than that of Sweet-Parker’s model. Note
that a much shorter and thinner diffusion region allows for the faster reconnection rate. The plasma
does not have to flow through the diffusion region to be accelerated. It can be accelerated by slow
mode shocks (dashed lines) that are connected to the diffusion region (shaded region). This allows

a fast enough reconnection rate to explain many observations in terms of magnetic reconnection
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