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Abstract

The Geomagnetic tail is the region of the earth’s magnetosphere stretched by the

solar wind away from the Sun. The stretched Geomagnetic tail acts as a huge magnetic

energy reservoir powering a variety of processes, for instance the substorm and the au-

rora, which affect the entire magnetosphere. This thesis presents analyses of the wave

dynamics of the geomagnetic tail at the spatial scale from the Magnetohydrodynamics

(MHD) to the ion gyroradius and the temporal scale from the ion gyro-period to many

gyro-periods. The results provide new insights into the energy flow process in the mag-

netotail reconnection. In addition, the implication of these results sheds light on the

energy transport from the geomagnetic tail to the aurora zone.

The bidirectional outflowing ion jet is a diagnostic signal of magnetic reconnection.

We present a Cluster spacecraft study of the intense surface waves in the earthward

and tailward reconnection outflow jets in the geomagnetic tail. The four Cluster space-

craft are used to determine quantitatively the scale size and phase velocity of waves

with spacecraft frequencies from 3 × 10−2 Hz to 1 Hz and spatial scales ranging from

much larger (x50) than to comparable to the H+ gyroradius scale. The wave phase

velocity relative to the spacecraft frame is directed mainly in the equatorial plane and

it tracks the variation in the direction of the jet’s velocity projection perpendicular to

the magnetic field lying in the xy-gse plane. The surface waves are phase standing in

the flow normal to the plasma sheet boundary, but partially or entirely convected by

the flow in the plane of the plasma sheet (xy-gse). The surface wave is consistent with

a Kelvin Helmholtz instability driven by the gradient in the normal direction of the

component of the reconnection ion jet velocity perpendicular to magnetic field. E/B

ratios provide evidence that dispersive Alfven waves are excited at small scales. Analy-

sis of electric and magnetic field data shows that the wave perturbations are associated

with strong Alfvenic Poynting flux radiated away from the reconnection region toward

Earth along the geomagnetic field. The mapped values (to 100 km altitude) of Poynting
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flux (100ergs/cm2s) and longitudinal scales (10-100 km) of the waves suggest that the

observed waves and their motions are an important boundary condition in determining

both the energetics of the aurora and their complex motions in the night sky.

The Harris current sheet is a good approximation of the Geomagnetic Tail configu-

ration. We present a theoretical analysis of the linear Alfvén eigenmode dynamics of a

Harris current sheet. The implication of this theory in the context of magnetic recon-

nection is not presented. Alfvén eigenmodes are confined by the Harris current sheet

in the same way that quantum mechanical waves are confined by the tanh2 potential.

Although the Alfvén eigenmodes are confined in the current layer, their dynamics is

interrelated with the global-scale information of the current sheet. The linear dynamics

of the Harris current sheet is described as a eigenmode-source coupling process, during

which magnetic energy can be converted into plasma energy and the first-order mag-

netic configuration of the Harris sheet alters.
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Chapter 1

Introduction

1.1 Earth’s Magnetosphere

The magnetosphere 1.1 is the Near-earth space region bounded by two ”surfaces.” The

inner ”surface” is the magnetosphere-ionosphere boundary. Roughly speaking, this

boundary separates plasma of quite different properties. The ionosphere is located at

the upper atmosphere. While partly ionized by the solar radiation, the neutral atoms

still dominate in the ionosphere. The magnetosphere is full of a gas of completely

ionized particles named plasma. The outer ”surface” is the so called magnetopause sep-

arating the magnetosphere and the magnetosheath. The magnetosheath occupies the

space between the magnetosphere and the solar wind. Magnetic fields are associated

with different origins in the solar wind and in the magnetosphere. In the solar wind the

interplanetary magnetic field originated from the Sun pervades the magnetized plasmas.

In the magnetosphere, the Earth’s internal magnetic field dominates. The Earth’s in-

ternal magnetic field is effectively a magnetic dipole to a good approximation.

Figure 1.1 shows the configuration of the Earth’s magnetosphere bounded by the

magnetopause. The ionosphere is close (100km) to the Earth’s surface in this figure.

The properties of the magnetosphere are affected significantly by its interaction with the

solar wind and the ionosphere. Solar wind [59] consists of fast flowing plasmas ejected

from the upper atmosphere of the sun. The magnetosphere is ”immersed” in the solar

wind in a similar way that a balloon is immersed in streaming air. The magnetosphere
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Figure 1.1: Earth magnetosphere

can be compressed or expanded during its interaction with the solar wind depending

on the solar wind’s strength. The magnetic field in the magnetosphere deviates from

the Earth’s dipole field. One consequence of the interaction is the creation of ”open”

magnetic field lines which map from the Earth’s magnetic field to the solar wind. The

Maxwell stresses on these open field lines which develop as the solar wind flows past

the Earth lead to the formation of stretched magnetic field lines associated with a long

magnetotail. The ionosphere also strongly interacts with the magnetosphere [48, 45, 26].

Ionospheric outflow significantly contributes to the plasma population of the magneto-

sphere during active geomagnetic conditions. The ionospheric conductivity regulates

the pattern of convective flow in the magnetosphere [98].

Due to the sun-magnetosphere-ionosphere coupling, the magnetosphere is a very

dynamic environment for many plasma phenomena. Since 1960, satellites have been

launched to probe the magnetosphere, making the magnetosphere a ’natural labora-

tory’ for studies of various plasma processes. In the last 50 years, much progress has

been made toward a better understanding of magnetospheric physics. Apart from the

interest in fundamental plasma physics, another driving force for this progress is the
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importance of the magnetosphere to human activities. During active times of solar-

wind-magnetosphere interaction, one phenomenon called “magnetospheric substorm”

[1, 27] heavily affects human life. In a magnetospheric substorm, the disturbance of the

magnetosphere results in a variation of the magnetic field at the Earth’s surface. This

affects radio communication and radar observations [41]. Magnetic substorms are also

associated with strong variances of flux of high energy particles in the Earth’s radiation

belt [75, 70]. Trapped in the magnetosphere, the high energy particles of the radiation

belt are known as a major threat to satellites and astronauts.

When the magnetosphere experiences disturbance, the system responds by emitting

waves. Wave dynamics is ubiquitously involved in various processes in the magneto-

sphere. Some processes have been directly described by wave dynamics, e.g., the flap-

ping of the magnetotail and the oscillation of the whole magnetosphere. Waves carry

information about the region where the waves are excited. This enables observers to

infer what occurs inside that region. Waves propagate momentum and energy from one

region to another, linking the dynamics of different regions in the magnetosphere.

The most important characteristic of the wave dynamics are the temporal scale and

the spatial scale, or in other words the Fourier components in the spectrum. The tem-

poral variance and spatial variance, however, are not distinguishable in single point

measurements. One needs simultaneous multi-spacecraft measurements to accurately

determine the three-dimensional and time-varying aspects of wave dynamics. In 2000,

the European Space Agency launched the Cluster mission consisting of four identical

spacecraft array in a tetrahedron. The multi-spacecraft measurement permits the ac-

curate determination of wave properties. The Cluster mission is accompanied with the

Double Star mission (DSP), a magnetospheric mission with two satellites, to explore

phenomena of various scales in the key region of the magnetosphere. The finding of

Cluster is still an on-going process of enhancing our understanding of wave dynamics in

space plasma.
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1.2 Geomagnetic Tail

The formation of the Geomagnetic Tail is a consequence of the interaction between the

magnetosphere and the streaming solar wind. At the night side of the magnetosphere,

the solar wind stretches the magnetosphere to a configuration that the magnetic field

lines are approximately parallel with each other. The stretched magnetic field lines

point towards the Earth in the northern Geomagnetic tail and away from the Earth in

the southern Geomagnetic tail.

Associated with the reversal of the geomagnetic field is a cross-tail current in the

dawn-dusk direction. The current is in the center of the geomagnetic tail, embedded

in a region of hot plasma called the plasma sheet. The magnetic field strength of the

plasma sheet is about 10 nT. The plasma sheet is characterized by a relatively high

temperature (a few keV) and high density (0.3cm−3) in the geomagnetic tail. The ion

temperature is a few times larger than that of the electrons [8]. Far way from the center

of the current sheet, the tail lobe is very tenuous (0.01cm−3) and cold (a few 100 ev).

The typical magnetic field strength of the tail lobe is about 40 nT. The high particle

pressure in the plasma sheet balances the magnetic pressure in the tail lobe. Typical

parameters of the magnetotail [41] are listed in Table 1.1.

Tail Lobe Plasma-Sheet Boundary layer Plasma sheet
n (cm−3) 0.01 0.1 0.3
Ti(eV ) 300 1000 4000
Te(eV ) 50 150 600
B (nT ) 40 20 10
β 0.001 0.1 5

Table 1.1: Magnetotail parameters

Solar wind stretches the open geomagnetic field line tailward and accumulates mag-

netic energy in the magnetotail. The magnetic field energy associated with the stretched

and nearly anti-parallel field lines in the geomagnetic tail is a reservoir for a wide vari-

ety of energy release and transfer processes. During the magnetosphere substorm, the
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accumulated magnetic energy is released explosively via fast reconnection in the geo-

magnetic tail. The magnetic energy released by tail reconnection has dramatic global

effect on the magnetosphere phenomena such as the aurora. A rigorous assessment of

the different processes resulting in the partitioning of the energy flux into different forms

as it flows away from the reconnection region is still in its early stages. The major form

of energy outflow seems to be the energy associated with ion jets and the associated

convective outflow [4]. In addition, important contributions are associated with Alfvén

waves [15] and the kinetic energy associated with field-aligned electrons. In the auroral

ionosphere far from the reconnection region, the dominant energy fluxes are associated

with 1-10 keV electron beams which create the aurora and with Poynting flux which

heats the auroral ionosphere.

1.3 Magnetic reconnection

In the magnetized plasma, a process called “magnetic reconnection” can occur in a

magnetic configuration where the field lines close to each other are antiparallel. Dur-

ing magnetic reconnection, magnetic energy is converted into plasma energy and the

magnetic topology alters. Two experimental/observational facts are essential in defin-

ing the phenomena of magnetic reconnection. The first is the energy conversion from

magnetic field energy to plasma energy. The other one is the change in the magnetic

field configuration.

Magnetic reconnection converts magnetic energy into the kinetic energy of plasmas,

mainly in the form of ion outflowing jets, and into the thermal energy of plasma in the

form of plasma heating. In fact, the reconnection outflow jets serve as a necessary diag-

nostic of reconnection in the practice of space plasma observations [33, 87]. The plasma

heating is also a major form of energy conversion in reconnection[66]. One experimental

verification of plasma heating in laboratory reconnection can be found in the reference

[58]. It is also interesting to ask if there are other forms of energy which the magnetic

energy are converted to. In the classic paper [60], Parker speculated that interplanetary

blast waves could play an important role in consuming the energy budget of a solar
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flare. Song and Lysak [84] pointed out that the outgoing Poynting flux of shear Alfvén

waves occurs as a very important result of energy conversion in reconnection. Some

experimental investigations along this line have found that the outgoing Poynting flux

of kinetic Alfvén waves could be comparable to the kinetic energy flux of ion jets [15].

1.3.1 Classic magnetic reconnection models

The physics of energy conversion is a central question in magnetic reconnection theo-

ries. The time scale plays an important role as an experimental check for theoretical

models. In the classic Sweet-Parker reconnection, magnetic energy diffuses into fluid

energy because of the finite conductivity of plasma. The configuration of a Sweet-Parker

reconnection is illustrated in the figure 1.2. The global scale of the system is L. The

time scale is estimated as the global scale of solar flares ( 104km) divided by the plasma

inflow velocity Vx [60]. The plasma inflow velocity is usually defined as the reconnec-

tion rate in the literature. In the Sweet-Parker model, the reconnection rate is equal to

the diffusion velocity c2η/a, where η is the scalar resistivity of MHD plasma, a is the

thickness of the current sheet and c is the speed of light. The resistivity is zero in an

ideal MHD plasma. In a real plasma, various effects could account for finite resistivity.

Parker found that the estimated time scale (104s) of a solar flare is too slow to account

for the solar flare (102s) if the finite resistivity is due to ion-electron collisions. A solar

flare usually occurs on a time scale of a few minutes. To resolve this discrepancy, many

attempts are along the line to search a larger resistivity. One example is the anomalous

resistivity due to wave turbulence. A large anomalous resisitivy could result in a high

Sweet-Parker reconnection rate required for a fast reconnection. However, the physics

corresponding to the anomalous resistivity is not yet well understood.

To resolve the discrepancy of time scale, Petschek [64] came up with the idea that

the energy conversion of reconnection could be accomplished by the slow mode shock

propagation as well. In the Petschek model [64], there are shock-propagation-dominated

regions and the diffusion-dominated region. The shock-propagation-dominated region is

l < |z| < L in figure 1.3. In this region, the plasma flows into the shock where the mag-

netic energy is converted into the energy of outflowing plasma jets; the outward wave
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Figure 1.2: Schematic of Sweet-Parker reconnection. Figure is adopted from [93].
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propagation velocity in ±x balances the plasma inflow velocity in a steady state; the

reconnection rate is equal to the shock propagation velocity which is independent of the

plasma resistivity and can be much larger than the Sweet-Parker diffusion rate. At the

same time, magnetic diffusion is still the dominant mechanism of energy conversion in

the diffusion region (|z| < l in figure 1.3) near the center z = 0 of reconnection site. This

is because the normal magnetic field Bn (see Fig 1.3) has to vanish at the center z = 0.

The propagation speed asymptotically becomes zero toward z = 0. As a result, the mag-

netic diffusion velocity is much larger than the shock propagation velocity and represents

the reconnection rate in the diffusion region. In the Petschek model, the diffusion-based

rate equals the shock-propagation-based rate in the interface between these two regions.

A consequence is that the diffusion rate has to increase significantly to match the slow

mode shock propagation velocity. According to the expression of diffusion rate c2η/a,

the current sheet thickness a has to decrease if the resistivity η remains the same. In

fact, the current sheet thickness a is microscale in the Petschek model. In the Sweet-

Parker model, there is no physical basis for such small scale current sheet thickness.

With the new physics in the Petschek model, i.e. the shock propagation, the obtained

final reconnection rate only depends logarithmically on the resistivity. The estimated

time scale (102s) from the Petschek rate could match the observed solar flare time scale.

Many aspects of magnetic reconnection still need better understanding. In a real

plasma, reconnection is usually found to occur suddenly in an explosive manner [12].

Sweet-Parker reconnection and Petschek reconnection are both steady-state models.

The onset and time-varying aspects of reconnection are not resolved in these classic

models. In the research of Tokamak, a theory of the tearing mode instability [23] was

developed to address the onset and temporal variation of reconnection. The maximum

growth rate of the tearing mode is used as the estimate for the time scale of reconnection.

A MHD wave packets theory was developed to explain patchy and time-dependent

reconnection [84, 85]. In this description, magnetic reconnection is initialized by the

fast MHD wave packets. The compressional wave packets is mode converted into shear

wave packets that is then radiated away from the reconnection site. The radiation serves

as an effective resistivity.
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Figure 1.3: Schematic of Petschek reconnection. Figure is adopted from [93].
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1.3.2 Collisionless magnetic reconnection

Most plasmas in the magnetosphere and in astrophysical system are collisionless. The

collision refers to the Coulomb collision between particles. Mathematically speaking,

a plasma is treated as collisionless if the collision term on the right hand side of the

Vlasov equation is neglected. The moment integral of the collision term directly relates

to the collision terms in the two-fluid momentum equation as well as the resistivity term

in the generalized Ohm’s law. Physically speaking, collisions are not important if the

characteristic collision length and collision time scale are much larger than the scale of

interest in a process. Magnetic reconnection often occurs in a collisionless plasma. In

the solar wind and the magnetosphere, the mean-free path of a particle is 1 AU which

is much larger than the characteristic scale of magnetic reconnection. After the 1980s,

much attention has been given to the collisionless magnetic reconnection. One way is

to look for localized ’anomalous resistivity’. The anomalous resistivity usually results

from wave-particle interaction other than the ion-electron Coulomb collision. Another

school of theoretical thought is to consider terms in the generalized Ohm’s law. The

complete generalized Ohm’s law is

E + U×B =
mνei
ne2

j +
m

ne2
[
∂j
∂t

+∇ · (jU + Uj− jj
ee

)] +
1
ne

j×B− 1
ne
∇ ·Pe. (1.1)

The term (mνei/ne2)j = ηj represents the Coulomb collision effect dominated by ion-

electron collision. Theorists ask what physical effect could other right-hand-side terms

produce at the ion/electron scale. Notice that the generalized Ohm’s law is in fact de-

rived from the two-fluid momentum equation. The exploration of magnetic reconnection

has already been in the two-fluid framework.

Numerous theoretical studies have investigated collisionless reconnection. Vasyliu-

nas discussed all the relevant terms in the generalized Ohm’s law in a review paper [95].

Based on the term j×B and the off-diagonal terms in the ion pressure tensor, Sonnerup

introduces the ’Hall current’ and ’Hall magnetic field’ as steady structures in the recon-

nection region. Terasawa [92] investigate the coupling between the Hall effect and the

tearing mode. The Alfvén wave mode was found necessary for the coupling to occur.

Various numerical studies of the Hall effect and collisionless magnetic reconnection are

presented in the GEM chanllenge [10] and the reference therein.
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1.3.3 Observations of magnetotail reconnection

The approximately anti-parallel magnetic field configuration makes the Geomagnetic

tail a good place for satellites to observe the magnetic reconnection in a variety of as-

pects. The first evidence of magnetotail reconnection is presented by Hones [33]. In

this scenario of tail reconnection, the reconnection region and its associated plasma jets

retreat tailward and past the spacecraft. The spacecraft encounters a tailward flow

followed by an Earthward flow. Magnetotail reconnection also results in changes in

the current sheet geometry. For instance, the current sheet is found flapping during

reconnection in the tail [77, 99]. The structure and dynamics of the current system

and fields in the reconnection region is the focus of many tail observations. Wygant et

al. observed the shock-like electric field normal to the current sheet using the Cluster

spacecraft [99]. Recently, the Hall current system and Hall fields in the reconnection

region are the focuses of many observations [18, 56, 57]. The ’quadrupole magnetic

fields’ aligned parallel/anti-parallel with the cross-tail current is considered as evidence

for collisionless magnetic reconnection. The magnetotail reconnection is responsible for

the rapid release of stored magnetic energy during the substorm. A lot of observations

and investigations on the relation between the substorm onset and the dynamics of mag-

netic reconnection can be found in [55, 5] and reference therein. One natural question

regarding reconnection is the partition of the magnetic field energy released into different

channels, i.e., kinetic energy of plasma flows, plasma thermal energy, energetic particles

and wave energy. In fact, these energy flow channels are interrelated, making the pro-

cess of energy release more complicated. In this study, we will use Cluster observations

to investigate the energy flow and energy channels in the magnetic reconnection process.

1.4 Dispersive Alfvén waves

The Shear Alfvén wave, introduce by Alfvén in 1942 [2], is one of three fundamental

wave modes of plasma motion in the large-scale (compared with ion gyroradius) and

low-frequency (compared with ion gyrofrequency) limit. The other two are fast and

slow wave mode. These fundamental modes ubiquitously exist in the interplanetary

space and magnetosphere, for instance in the form of ULF waves. In the description of
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magnetohydrodynamics (MHD), the magnetic field oscillation of a shear Alfvén wave is

analogous to a wave in a stretched string. The magnetic field acts as the string with

mass and tension. The description of shear Alfvén waves can be found in many graduate

level textbooks [41].

Small scale physics beyond the MHD regime is necessary in understanding physi-

cal processes in various situations where the typical system scale is comparable to the

ion/electron scale. For example, the longitudinal spatial scale of aurora can be as short

as the electron inertial scale at the 100 km altitude in the ionosphere. The kinetic

Alfvén Wave and the Inertial Alfvén wave, for which the finite ion gyroradius effect

and the electron pressure and inertial effects are important, and are invoked to provide

the acceleration mechanism for electrons in the aurora region [25, 14]. In a small scale

boundary layer such as a current sheet, small scale physics is also expected to play

an important role. For instance, the dispersive Alfvén waves [74] and two-fluid effect

[86, 102] are believed to be important in understanding the dynamics of fast magnetic

reconnection .

This section discusses the theoretical aspects of dispersive Alfvén wave for which

the two-fluid effect is important.The MHD Alfvén wave is non dispersive, i.e., differ-

ent wave component propagates at the same phase velocity. While in agreement with

Shear Alfvén in the MHD regime, the dispersive Alfvén wave, including kinetic Alfvén

wave and Inertial Alfvén wave, display quite different properties at the ion/electron

scale. The theoretical aspects of dispersive Alfvén waves are useful in the comparison

with observation of small surface waves in chapter 3. The two-fluid dynamics of kinetic

Alfvén waves is also important in the understanding the Alfvén-eigenmode dynamics of

the current sheet as we shall discuss in chapter 5.

1.4.1 The kinetic treatment of the dispersion relation

The Dispersive Alfvén wave (KAW) is the extension of the shear Alfvén wave to include

the effect of finite ion gyroradius, electron pressure or electron inertia in the interme-

diate plasma β region (1 > β > me/mi). These effects are of order ion/electron scale
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divided by the MHD scale and thus not important in the MHD regime. MHD is a good

description for the physics at spatial scales that are much larger than the characteristic

scales of ions or electrons. The well known MHD Ohm’s law

J = σ(E +
V
c
×B) (1.2)

is based on assumptions that the physical scale is large compared with that of ion or

electron scales. The finite ion gyroradius effect can be neglected in the MHD regime.

In an ideal MHD, the conductivity σ is infinite so that 0 = ~E + ~V × ~B. As a result of

infinite conductivity, the parallel electric field E|| has to be zero to prevent the parallel

electric current J|| going to infinity. The finite electron pressure or finite electron inertia

effectively introduces finite conductivity of plasma in the magnetic field aligned direc-

tion. As a consequence the parallel electric field can be introduced into the treatment.

In this section, we present both the kinetic approach and two-fluid approach to

obtain the dispersion relation of kinetic Alfvén waves. The kinetic approach involves

more mathematical calculation. For the purpose of a clear demonstration, we present

as many mathematical details as possible. The relatively simplified and more intuitive

two-fluid approach will be presented afterward.

The kinetic approach invokes the Vlasov-Maxwell equation. We start with Maxwell

equations in CGS units.

c∇×B = 4πJ + ∂tE (1.3)

c∇×E = −∂tB (1.4)

It is relatively convenient to check the units of each term in the CGS because εo and µo
are already absorbed. The Fourier transform of equation 1.3 and 1.4 are

cik× B̃ = 4πJ̃− iωẼ, (1.5)

and

cik× Ẽ = iωB̃. (1.6)
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The tilde symbol denotes the Fourier transformed quantity.

To close these two equations, we need an Ohm’s law that relates the electric field
~E and electric current ~J . Under assumptions that the system is uniform in space and

time, we should write the relation between ~E and ~J as

J(x, t) =
∫
d3xo

∫ t

−∞
dtoσ(x− xo, t− to) ·E(xo, to), (1.7)

where σ is the conductivity tensor for the plasma. This Ohm’s laws states that

the source electric field E(xo, to) at location xo and past time to produces the current

J(x, t). Equation 1.7 is a non-local E − J relation in time and space. This is because

that the response to a perturbation is nonlocal in a plasma. The detailed justification

for the non-local response can be found in the reference [89]. The Fourier (Laplace)

transformed version of equation 1.7 is

J(ω,k) = σ(ω,k) · Ẽ(ω,k). (1.8)

The relation 1.6 can be solved for B̃. Inserting 1.6 and 1.8 into the equation 1.5, we

obtain

n× (n×E) + ε ·E = 0, (1.9)

where n = ck/ω is the index of refraction and ε is the dimensionless dielectric tensor

ε = I +
4πi
ω
σ. (1.10)

The symbol I is the unit tensor. In general, we can always assume that the wave

vector ~k is on the xz plane and that z is in the direction aligned with the background

magnetic field. The matrix form of 1.10 is
εxx − n2

z εxy εxz + nxnz

−εxy εyy − n2 εyz

εxz + nxnz −εyz εzz − n2
x




Ẽx(ω,k)

Ẽy(ω,k)

Ẽz(ω,k)

 = 0. (1.11)
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This equation 1.11 contains the information of the wave dispersion relation and

the wave polarization. The key is to evaluate the dielectric tensor ε that tells how the

plasma responds to a perturbation at a specific frequency and wavelength. In the kinetic

approach, the calculation of the dielectric tensor involves solving the linearized Vlasov

equation. To obtain the kinetic Alfvén wave dynamics, only the low frequency dielectric

tensor is relevant. The details of the calculation of the dielectric tensor at low frequency

(less than the ion gyrofrequency) can be found in the classic paper [49]. The calculation

of the dielectric tensor including first order effect of low frequency can be found in the

reference [47, 24]. Here we just give the two diagonal components that are related to

the dispersive Alfvén waves.

εxx = 1 +
c2

V 2
A

1− Γ0(µi)
µi

(1.12)

εzz = − 1
k2
zλ

2
de

Z
′
(ξ). (1.13)

The VA is the Alfvén speed, the function Γn(µs) = exp(−µs)In(µs) where In is

the modified Bessel function, the argument is µs = k2
xTs/msΩ2

s, Ωs = qsB/msc is

the gyrofrequency of species s, λde is the Debye length, Z(ξ) is the plasma dispersion

function introduced in the reference [21], ξ = (ω − nΩs)/kzas, as =
√

2Ts/ms is the

thermal gyroradius of species s. The off-diagonal elements εxy, ε(xz) and εyz are very

small in the low-β limit [49]. Effectively, these terms can be neglected in the calculation

of the dispersion relation. With this approximation, the equation 1.11 can be simplified

into two decoupled equations(
εxx − n2

z nxnz

nxnz εzz − n2
x

)(
Ẽx(ω,k)

Ẽz(ω,k)

)
= 0, (1.14)

and

(εxx − n2)Ey = 0, (1.15)

Equation 1.15 indicates the fast mode dispersion relation. The dispersive Alfvén

wave dispersion relation is obtained by setting the determinate of 1.14 to zero. The

decoupled two equations indicate that fast mode decouples from Alfvén mode in the

low frequency and low β limit.
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1.4.2 Inertial Alfvén waves and kinetic Alfvén waves

To obtain the explicit dispersion relation for the dispersive Alfvén wave, we need to set

the determinant of the first matrix of 1.14 to be zero and then solve it. This is

(n2
z − εxx)εzz + n2

xεxx = 0. (1.16)

If we assume that VA/c << 1, which is normally true in a plasma and easily met

in the geomagnetic tail, then the second term c2

V 2
A

1−Γ0(µi)
µi

is generally much larger than

one. The original derivation of Hasegawa [30] obtained (1 − Γ0(µi))/µi ≈ 1 − 3µ/4 in

the small wavenumber limit k2
xρ

2
i << 1. A more general treatment employs a Pade

approximation (1−Γ0(µi))/µi ≈ 1/(1 +µ), which is valid for the whole range of µ with

a error of 6% [34, 90]. With the Pade approximation, the element εxx is simplified as
c2

V 2
A

1
1+µi

.

Depending on the argument of the Z function, the element εzz can be simplified

with two different approximations. The function Z(ξ) is called the plasma dispersion

function. The real part of Z can be expanded as

Re[Z(ξ)] ≈ −2ξ +
4
3
ξ3 · · · (Realξ << 1), (1.17)

Re[Z(ξ)] ≈ −1
ξ
− 1

2ξ3
· · · (Realξ >> 1). (1.18)

The derivative of Z is Z
′
(ξ) = −2(1 + ξZ(ξ)). In the large expansion limit ξ0 =

ω/kzvet >> 1, that is to say the parallel phase velocity is much larger than the electron

thermal speed vet, we can simplify εzz 1.13 using 1.18, ε = −ω2
pe/ω

2, ωpe is the plasma

frequency. Inserting εxx and εzz into 1.16, we obtain

ω = kzVA

√
1 + k2

xρ
2
i

1 + k2
xλ

2
e

, (1.19)

where λe = c/ωpe is the electron inertia length. This is the dispersion relation for

the so called Inertial Alfvén wave. Electron inertial term plays an important role in the

electron’s parallel dynamics.

The other opposite limit is ξ0 = ω/kzvet << 1, which means that the parallel

phase velocity is much less than the electron thermal speed. The parallel phase velocity
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is on the order of the Alfvén speed. Note that this condition is easily satisfied in

the plasma sheet where β >> me/mi. In the ξ0 = ω/kzvet << 1 limit, we have

Z
′
(ξ) ≈ −2,εzz = 2/k2

zλ
2
de. The corresponding fluid-approach approximation is that the

parallel electric field term and electron pressure gradient term equals each other in the

parallel component of the electron momentum equation. In this limit, the dispersive

Alfvén wave is often called the kinetic Alfvén wave (KAW). Substituting the simplified

εxx and εzz into 1.16, we have

ω = kzVA

√
1 + k2

x(ρ2
s + ρ2

i ), (1.20)

where ρs is the ion acoustic gyroradius. This is the dispersion relation for the kinetic

Alfvén wave.

We note that the perpendicular wave vector kx plays an important role in the dis-

persion for KAW and IAW. The dispersion relation of the MHD shear Alfvén wave

ω = kzVA does not depends on the kx. As the perpendicular wavelength approaches

the characteristic length of ions or electrons, the kx terms starts to become important.

We can see from equations 1.19 and 1.20 that the parallel phase velocity of the disper-

sive Alfvén wave is not just the Alfvén speed as in the MHD shear Alfvén wave. For

the kinetic Alfvén wave, the parallel phase speed is larger than the Alfvén speed. The

parallel phase velocity of the inertial Alfvén wave may be either larger or less than the

Alfvén speed. We present the contour plot of the parallel phase velocity of dispersive

Alfvén waves in figure 1.4 adopted from [49].

1.4.3 The E/B of dispersive Alfvén waves

The E/B is very useful information in identifying the dispersive Alfvén wave mode. A

MHD shear Alfvén is associated with a simple E⊥/B⊥ = VA. Now we present the E/B

for the dispersive Alfvén wave.

From the first row of 1.14, we have

Ez
Ex

=
n2
z − ε2xx
nznx

=
kz
kx
− ω2

kzkxV 2
A(1 + k2

xρ
2
i )
. (1.21)
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Figure 1.4: The contour is Re(ω/kzVA) for (a) the fluid model and for (b) (c) (d) kinetic
approach with different ion-to-electron temperature values. The horizontal axis is the
perpendicular wavenumber normalized by the electron inertial length. The vertical axis
is the electron thermal speed normalized by the Alfvén speed, which is equivalent to
the plasma beta β multiplied by me/mi. This figure is adopted from the reference [49].
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The y component of eq 1.4 is

kxEz − kzEx = ωBy. (1.22)

If we divide Ex on both sides of 1.22 and insert Ez/Ex from 1.21, we find the ratio

Ex/By.

Ex
By

=
ω/c

kz − Ez
Ex
kx

= V 2
A

kz
ωc

(1 + k2
xρ

2
i ) (1.23)

The expression 1.23 is good for both the kinetic Alfvén wave and inertial Alfvén wave.

We find that the ratio Ex/By depends on the parallel phase velocity and the perpendicu-

lar scale of the wave. There are two degrees of freedom in the plane that is perpendicular

to the local magnetic field. Notice that the electric and magnetic field in Ex/By are

not arbitrary perpendicular components. The magnetic field component By of a Alfvén

wave is perpendicular to both ~B and ~k. The Alfvénic electric field Ex lies in the plane

spanned by ~k − ~B.

If we insert inertial Alfvén wave dispersion relation 1.19 into the expression 1.23, we

find
Ex
By

=
VA
c

√
(1 + k2

xλ
2
e)(1 + k2

xρ
2
i ), (1.24)

and for the kinetic Alfvén wave, we substitute 1.20 into 1.25 and obtain

Ex
By

= VA
(1 + k2

xρ
2
i ))√

1 + k2
x(ρ2

s + ρ2
i )
. (1.25)

In the figure 1.5, we plot the numerical Ex/By after the reference [46]. This contour

plot provides a numerical relation between the plasma β, the ratio Ex/By and the

perpendicular wavelength. The β and ratio Ex/By are easy to measure with a single

spacecraft. However, the perpendicular wavelength can not be obtained by a single point

measurement. Thus, the perpendicular wavelength can be inferred from this contour

plot if the observed wave is likely to be kinetic Alfvén wave. The first example of such

application is presented in [101].
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Figure 1.5: The contour plot of the Ex/By as in a kinetic Alfvén wave. The horizontal
axis is the perpendicular wave number normalized by the electron inertial length. The
vertical axis is the electron thermal speed normalized by the Alfvén speed. This figure
is after [46]
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1.4.4 The two-fluid theory of Dispersive Alfvén waves

We have already presented the kinetic theory of properties of dispersive Alfvén waves

in the previous sections. These wave properties, including the dispersion relation and

polarization, are very important for the wave mode identification. In this section, we

attempt to give a two-fluid derivation of these wave properties. Compared with the

kinetic approach, the two-fluid approach is straight forward and with less calculation.

In the kinetic approach, the key idea is to find the E−J relation in the Fourier space

and then insert this Ohm’s law into the Maxwell equation. Effectively, the Ohm’s law

contains the information of how the material responds to a perturbation. The E − J

relation is evaluated via the Vlasov equation which describe the law of motion of colli-

sionless plasma.

We carry the same idea into the two-fluid approach. The goal is to find the E − J

relation via fluid equations. The equations describing the motion of the fluid are the

mass conservation, the momentum conservation, and energy conservation equations.

Since the electric current is what we want in the final form, we use the current continuity

equation that is equivalent to the mass continuity equation. The two-fluid current

conservation and momentum conservation are

∂t(nsqs) +∇ · Js = 0, (1.26)

and

msns∂tus +msns(us · ∇)us = nsqs(E +
us

c
×B)−∇nsTs, (1.27)

where the subscript s represents the particle species. Ions and electrons have been as-

sumed isotropic and isothermal.

The linearized equations 1.26 and 1.27 in the Fourier space are

− iω(ñ
′
sqs) + k · J̃′

s = 0 (1.28)



22

and

ms(−iω)J̃
′
s/qs = (qsnsẼ

′
+

J̃
′
s

c
×Bo)− ikñ′

sTs, (1.29)

where J̃
′
s = nsqsũ

′
s. Again the background magnetic field is in the direction of z. The

wave vector k = kxx̂ + kz ẑ. The perturbation of the fluid velocity is already absorbed

into the electric current J̃
′
s. The relation between the current and the electric field can

be found by eliminating ñ
′
s in the above two equations.

Experiences from the kinetic approach can simplify the derivation in the two-fluid

approach. We know that the perpendicular current of a dispersive Alfvén wave is the

modified ion polarization current. The perpendicular dynamics is dominated by the

ions. This can be seen in the dielectric tensor element εxx. The electron contribution

to εxx is neglected. Physically, the electron polarization current is a fraction (me/mi)

of the ion polarization current. Thus we neglect the Jex in the equations 1.28 and 1.29.

We also know that the ions do not contribute to the parallel dynamics in dispersive

Alfvén wave. Only electrons are mobile enough to contribute to the magnetic-field-

aligned current. This can be seen in the expression of εzz in the kinetic approach. As a

consequence, we can neglect parallel ion current Jiz for the moment.

With these approximations, we find the equation for perpendicular ion dynamics

(−iω)Ẽx = 4π
V 2
A

c2
(1 + k2

xρ
2
i − ω2/Ω2

i )J̃ix. (1.30)

Note that the k2
xρ

2
i term is the finite gyroradius correction. This correction is exactly

equivalent to the Pade approximation in the kinetic approach. The ω2/Ω2
i term is the

correction due to finite frequency. This correction is often much less than one and ne-

glected in the kinetic approach.

In the parallel direction, electron dynamics dominate. In an inertial Alfvén wave,

the electron inertial term and parallel electric field approximately balance each other.

me(−iω)J̃ez = q2
eneẼz, (1.31)
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In a kinetic Alfvén wave, the parallel electric field approximately balances with the

electron pressure gradient.

qeneẼz = −Te∂zn
′
e

=⇒ neqe(−iω)Ẽz = −Te
qe
k2
z J̃ez (1.32)

The E− J relation is defined by equations 1.30, 1.31 and 1.32.

1.4.5 Dispersive Alfvén waves in the regime β > 1

All the properties of dispersive Alfvén waves are discussed in the β < 1 limit in this

chapter. In a real plasma, the plasma β could go to higher than one, for instance in

the plasma sheet. In the high β regime, the off-diagonal terms of the dielectric tensor

becomes important. As a result, the fast mode is not decoupled with the Alfvén mode

anymore. To obtain the dispersion relation and polarization of dispersive Alfvén waves,

one needs to set the determinate of the 3×3 matrix in 1.11 to be zero and then solve it.

In the literature, this numerical procedure can be performed by a program WHAMP. In

the Appendix, we provide a program that could solve the numerical dispersion relation

for dispersive Alfvén wave in high β.

1.5 Thesis organization

• Chapter 1 introduces the Earth’s magnetosphere. The magnetosphere is a very

dynamic place for various plasma processes. In the geomagnetic tail, magnetic re-

connection is the most significant process responsible for energy release and energy

transfer that affects the entire magnetosphere. A review of magnetic reconnection

models and observations is presented.

• Chapter 2 describes the instruments onboard the Cluster spacecraft. Cluster was

launched by the European Space Agency (ESA) in 2000. The Cluster mission

consists of four identical spacecraft forming a tetrahedron. The simultaneous

measurements from four spacecraft allows us to distinguish between spatial and
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temporal variation in space plasma for the first time. An identical set of eleven

instruments is on board each Cluster spacecraft. We use the electric field, mag-

netic field and the ion velocity moments in our study. The electric field is from the

Electric Fields and Waves instrument (EFW) instrument. The magnetic field is

measured by the Flux Gate Magnetometer (FGM). The ion moments are obtained

from CIS. We describe these three instruments in chapter 2.

• In chapter 3, we investigate low frequency surface waves in the magnetotail re-

connection jets. Magnetic reconnection is an important part in magnetospheric

dynamics. In the magnetotail, reconnection is the dominating dynamic process

releasing the stored magnetic energy in the magnetospheric substorm. Using mea-

surements from the four Cluster spacecraft, we analyze the waves in both tailward

and Earthward reconnection jets at a distance of 17Re in the geomagnetic tail

around the onset of a substorm. The frequency of the wave is less than or com-

parable to the H+ gyrofrequency. The spatial scale of the wave is from the MHD

scale to the ion gyroradius scale. We apply the multi-spacecraft cross-spectral

analysis to the electric field and magnetic field measured by Cluster. For the first

time, we found that the wave propagation is nearly in the ecliptic plane and almost

perpendicular to the local magnetic field line. The direction of the propagation is

correlated with the perpendicular component of the plasma jet velocity projected

in the ecliptic plane. The phase speed of the wave is larger than or comparable to

the average speed of the local plasma jet. These waves are important because they

are involved with energy partition in magnetotail reconnection as well as non-local

energy transfer from magnetotail to Earth in the magnetospheric substorm. The

scale size, phase velocity and Poynting flux may provide a boundary condition on

the dynamics and structure of low altitude aurora particle acceleration.

• Chapter 4 illustrates a few topics in the list of further studies. We illustrate in

more detail the potential of the application of the cross-spectral analysis method.

The cross-spectral analysis can be widely applied to both single spacecraft and
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multi-spacecraft analysis. We can apply cross-spectral analysis to multiple com-

ponents of the single-spacecraft measurement and figure out the polarization of

the wave. Cross-spectral analysis can also be applied to any two spacecraft to

obtain the phase velocity of a wave in the separation direction. An investigation

of a one-to-one correspondence between the waves in the tail and the aurora is

discussed.

• Chapter 5 provides a theoretical analysis of the Alfvén-eigenmode dynamics of a

Harris current sheet. The Alfvén eigenmode is confined by the Harris current sheet

in the same way as a quantum mechanical wave is confined by a tanh2 potential

wall. In the limit of low-frequency (less than the ion gyrofrequency), large parallel

scale (larger than the ion gyroradius), and moderate perpendicular scale (larger

than the electron gyroradius), the linear dynamics of a Harris current sheet can

be described as the eigenmode-source coupling process, during which the source

generates the Alfvén eigenmodes and meanwhile the Alfvén eigenmodes excite

source at the expense of the wave energy. We present one explicit example to

show how magnetic energy can be converted into plasma energy and the magnetic

configuration of the current sheet alters.

• Chapter 6 presents the summary of main results in the thesis.



Chapter 2

Instrumentation

2.1 Introduction

In this thesis, we analyze data obtained from the Cluster spacecraft. Each Cluster

spacecraft carries an identical set of 11 scientific instruments which provide in-situ mea-

surement of particles and fields. For the purpose of our study, we used the electric

field data, magnetic field data and ion velocity moments. The electric field data is

provided by the double probe Electric Field Wave (EFW) instrument. The magnetic

field is measured by the FluxGate Magnetometer (FGM). Ion density and bulk velocity

are obtained from the Cluster Ion Spectrometry experiment (CIS). The Cluster satellite

and the relevant instruments used for this thesis are described in this chapter.

2.2 Cluster spacecraft

Cluster was launched by the European Space Agency (ESA) in 2000. The purpose of the

Cluster mission is to investigate the magnetospheric phenomena in key regions including

the solar wind, bow shock, magnetopause, auroral zone and magnetotail. Cluster consist

of four identical spacecraft flying in a tetrahedron. The simultaneous measurement from

four spacecraft make it possible to distinguish spatial variance and temporal variation.

This is Cluster’s essential advantage which is absent in a single spacecraft mission. The

name “Cluster” was chosen because the four spacecraft fly in a group together. The

26
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separation distance between the spacecraft varies between 10km and 10,000km, ranging

from the electron gyroradius (10km) to Earth’s radius (5000km). In practice, the sepa-

ration of the spacecraft was adjusted so that Cluster can explore phenomena at different

scales.

The Cluster in operation is actually a replacement of the original Cluster mission

lost in the unsuccessful launch on June 4,1996. Realizing that the scientific object of

Cluster can not be fulfilled by the single spacecraft mission, ESA decided to rebuild

four Cluster spacecraft. On July 16, 2000, the first pair of new Cluster spacecraft was

carried into space by the Soyuz rocket. The second pair was launched on August 9,

2000.

An artistic view of four Cluster flying in the magnetosphere is shown in the Figure 2.1.

The diameter of each spacecraft is 2.9 m. The height of each Cluster spacecraft is 1.3

m. Each Cluster spacecraft spins in the ecliptic plane at a period of 4 s. Associated

with each spacecraft is a 650 kg scientific payload. Cluster moves in an elliptical polar

orbit with a perigee at 4 Re (Earth radius), an apogee at 19.4 Re and a 57 hour period.

Figure 2.2 shows the Cluster orbit (the red oval) in the summer northern hemisphere.

C1,C2,C3 and C4 stand for the four Cluster spacecraft. Cluster crosses the magnetotail

at a distance about 20 Re from earth.

2.2.1 Electric Field and Wave experiment

The double probe Electric Field Wave (EFW) instrument on Cluster [28] measures the

two dimensional electric field vector in the spin plane. The spin plane of Cluster is

designed as the ecliptic plane. The EFW instrument consists of four probes located

orthogonally on the 44 m wire booms in the spin plane (see Fig 2.3). The measurement

of the potential difference between two opposing probes is used to provide the electric

field components in the direction along the two probes. Two pairs of probes provide

the two orthogonal components of the electric field in the spin plane. The calculation

of the electric field is illustrated in Fig 2.3. The notation E13 and E24 stand for the two

orthogonal electric field components. V1, V2, V3 and V4 are the probes’ potential with

respect to the spacecraft potential. L is the length of the wire connecting the boom
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Figure 2.1: An artistic view of Cluster spacecraft
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Figure 2.2: Cluster orbit in the magnetosphere
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with the spacecraft. Notice that Fig2.3 represents an ideal picture of electric field mea-

surement. In a real plasma environment, the plasma actually interacts with the probes

by flowing ion and electron thermal current into the probes. The solar radiation also

causes photo electron current that leaves the probe. As a result, the potential of the

probes is not the potential in the plasma. More details of the realistic measurement of

electric field in a space plasma environment can be found in the reference [53]. Electric

field measurements are available at 2 time resolutions, namely 25 sample/s and 450

sample/s respectively.

Figure 2.3: Measurement of the two dimensional electric field by Cluster spacecraft.

Another quantity measured by EFW is the spacecraft potential, i.e., the potential

difference between the probe and the spacecraft. The spacecraft potential provides a
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measure of the plasma thermal current to the spacecraft which acts as a passively bi-

ased Langmuir probe [63] with the electric field probes acting as a reference floating at

constant potential ( 1 volt) relative to the local plasma potential. The spacecraft poten-

tial is set by the balance between the photoelectrons current and the electron thermal

current. The electron thermal current provides a rough indicator of the electron density

variations [63]. Note that in the case of the high temperature plasma sheet the estimate

of density from spacecraft potential may be contaminated by temperature variations.

The spacecraft potential data rate is 5 samples/second.

Figure 2.4: Electric Field and Wave experiment (EFW) onboard Cluster

2.2.2 Fluxgate Magnetometer

The Fluxgate Magnetometer (FGM) [6] provides three-dimensional magnetic field vec-

tors. The magnetic field is measured by two magnetometers located on a five meter long

boom. In operation, either magnetometer can be designated as the Primary sensor. The

FGM can operate at Normal Mode or Burst Mode. The sample rate of magnetic field

data ranges from 15.5s−1 in Normal Mode to 67.2s−1 in Burst mode. More details of

FGM can be found in the reference [7, 6].



32

Figure 2.5: Fluxgate magnetometer (FGM) onboard Cluster

2.2.3 Cluster Ion Spectrometry experiment

The Cluster Ion Spectrometry (CIS) experiment [72] consists of a Hot Ion Analyzer

(HIA) and a time-of-flight ion Composition and Distribution Function analyzer (CODIF).

CODIF measures the major ions (H+, He+, He++ and O+) in the energy range from

0 to 40keV/e. HIA does not have mass resolution but provides higher sensitivity. More

details of CIS can be found in reference in [71]. The CIS can obtain three-dimensional

ion velocity space distribution with time resolution of one spacecraft spin of 4 seconds.

From the ion distribution, one can obtain the ion number density, the bulk velocity and

ion energy flux for each ion species.
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Figure 2.6: Ion Spectrometry Experiment (CIS) onboard Cluster



Chapter 3

Cluster spacecraft study of the

low frequency waves in the

Geomagnetic Tail

1

3.1 Introduction

It has long been known that, the magnetotail is the site of intense large scale electro-

magnetic waves ranging from MHD time scales to those around the ion gyro-period

during magnetically active periods[44, 38, 80]. Although it has been known for many

years that large amplitude waves exist over a wide frequency range, the unambiguous

identification of the wave mode, phase velocity and correlation to the direction of the

magnetic field, plasma flows, particle diamagnetic drifts, and current sheet orientation

have often been difficult to obtain from single spacecraft measurements. The tetrahedral

array of Cluster spacecraft allowed unambiguous determinations of spatial and tempo-

ral variations in space plasma for the first time. In the first two years after the launch

(2000), the spacecraft separations in the magnetotail were about 2000 km, motivating

studies of wave phenomena at global spatial scales larger than 2000 km. Using Cluster
1 The material in this chapter is submitted to the Journal of Geophysical Research

34



35

measurements, Runov et al [76] describes a low frequency (90s period) and large wave-

length (18,000 km) wave motion of the current sheet in the dawn-to-dusk direction. The

wavy flapping motion was inferred to be a sausage or kink wave mode. Similar neutral

sheet oscillations with periods in the range of 800 seconds were observed and modeled

as a kink wave mode [97].

In this study, we focus on the waves associated with reconnection in the magnetotail

at a distance 17 Re. In 2003 the Cluster spacecraft were separated by about 200-300

km. The shorter separation and the use of spacecraft burst mode allow our study of

waves to extend from MHD scales (20,000 km) to less than one H+ gyroradius (200

km). This paper systematically investigates the local structure and dynamics of large

amplitude waves excited at a high velocity ( 1000 km/s) reconnection jet in the magne-

totail during geomagnetically active conditions. The spacecraft were in the vicinity of

the reconnection region for about twenty minutes and encountered both earthward and

tailward directed jets in regions near the center of and at the outer edges of the cross

tail current sheet. We apply cross spectral analysis to determine the phase velocity

and wave vector of waves range in spacecraft frame frequency between 0.03 Hz to 1 Hz.

The waves are found to propagate mainly in the equatorial plane and approximately

in the direction of the reconnection jet’s velocity projection perpendicular to the mag-

netic field. The observations provide good evidence that the gradient (along the current

sheet normal) in the perpendicular component of reconnection jet velocity may drive

the observed waves via a Kelvin-Helmholtz (K-H) type instability. Previous study from

Cluster and Double Star [96] has identified Earthward flow induced K-H waves in the

mid tail (11 14 Re). The wave propagation was found mainly in the flow direction. In

our study, the wave propagation is consistently correlated with the local magnetic field

across the reconnection outflow region.

These waves are of special interest because they transport energy toward Earth and

may serve as a link between reconnection and aurora. The relation between recon-

nection and aurora has been an interesting subject under investigations from various

perspectives. In the dayside reconnection, Cluster study has found the potential jump

and field-aligned current (FAC) structure in the Hall layer largely extending along the
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magnetic field line. The mapped potential jump and FAC to ionosphere are suggested

to be responsible for dayside aurora [40]. Poynting flux radiated from reconnection

region is another type of link to aurora zone. Reconnection is a source for radiation

of Alfvén waves [82, 83] and kinetic Alfvén waves [16, 15]. In the decoupling region of

reconnection, the Hall magnetic field and Hall electric field contribute to a wave like

Poynting flux in the outflow direction [99]. The wave Poynting flux from reconnection

may transport along the field line of plasma sheet boundary layer to the ionosphere and

power the aurora [50]. Previous observations from Polar in the plasma sheet boundary

layer provided evidence for the existence of large amplitude Alfvén Poynting flux with

sufficient energy to power intense aurora [100, 101, 20, 39, 38]. Due to the limitation of

single spacecraft measurements, the spatial scales of the waves could not be obtained

directly in these studies. Instead, a theoretical calculation of the kinetic Alfvén wave

dispersion relation [49, 46] was utilized to determine the wave scales from the observed

plasma parameters [101]. In this paper, we present for the first time the wave Poynting

flux as a function of the directly determined wavelength.

The organization of this chapter is as follows: the instrumentation is described in

section 3.2; Section 3.3 is the description of the cross spectral technique used in our

analysis. Section 3.4 is the data analysis part. We first present the coordinate sys-

tems used in this study. Then we show the structure of the reconnection flows and

magnetic field which are associated with the observed waves. We apply the phase dif-

ference analysis to determine the wave vector, the wavelength, the dispersion relation

and the phase velocity of the waves in different regions of the reconnection jet. The E/B

spectrum and the first observation of the magnetic-field-aligned Poynting flux spatial

spectrum are presented. In section 3.5 we discuss the evidence that the observed waves

are associated with the velocity shear mode. The role of these waves in energy trans-

fer processes is discussed in section 3.6. Finally, conclusions are presented in section 3.7.



37

3.2 Instrumentation

The double probe Electric Field Wave (EFW) instrument on Cluster [28] measures

the two dimensional electric field vector in the ecliptic plane (xy-GSE plane). In this

event, only three of four probes are current biased on Cluster spacecraft 1(SC1) and

Cluster spacecraft 3 (SC3). With only three probes current biased, the electric field

measurement from SC1 and SC3 is only available at spacecraft spin period (4s). The

high frequency resolution electric field measurements (450 sample/second) from SC2

and SC4 are available when Cluster was in the spacecraft burst mode. The spacecraft

potential provides a measure of plasma thermal current to the spacecraft, which act

as a passively biased Langmuir probe [63] with the electric field probes acting as a

reference floating at constant potential ( 1 volt) relative to the local plasma potential.

The spacecraft potential is set by the balance between the photoelectron current and

the electron thermal current. The electron thermal current provides a rough indicator

of the electron density variations [63]. Note that in the case of the high temperature

plasma sheet the estimate of density from spacecraft potential may be contaminated by

temperature variations [35]. The spacecraft potential data rate is 5 samples/second.

The Flux-gate Magnetometer FGM [6] provides three dimensional magnetic field

vectors at a sampling rate of 67 samples/second on all four Cluster spacecraft. For this

study, the data have been averaged over 0.1 second intervals. The Cluster Ion Spectrom-

etry (CIS) experiment [72, 71] provides three dimensional H+ and O+ velocity space

distribution functions every 4 seconds.

3.3 Methodology: Cross spectral analysis

This section describes the cross-spectral analysis including coherency analysis and phase

difference analysis [42, 61]. The coherence indicates the quality of correlation between

signals. Under condition of high coherence, we could determine the spatial scale and

the phase velocity of waves using the phase difference of the signal measured from multi

Cluster spacecraft. The phase difference analysis could also provide information on the

polarization of the wave in a single spacecraft measurement.
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The cross spectral analysis in the multi spacecraft analysis is described as follows.

We select the measurement of one signal, e.g. one component of the magnetic field,

from four Cluster spacecraft. This selected signal is denoted by S(~xj , t) where ~xj is the

position of spacecraft j and t is the time when the measurement is made. We divide

the selected interval into several subintervals. In every subinterval, the signal S(~xj , t)

is Hamming windowed and decomposed as sum of the complex Fourier series S̃(~xj , t)

S(~xj , t) =
∑
ω

S̃(~xj , ω) exp[iωt] + C.C. (3.1)

The cross spectrum Cij(ω) of the two signals S(~xj , t) and S(~xi, t) is defined as:

Cij(ω) = |Cij(ω)| exp[i∆θij(ω)]

=
< S̃(~xi, t)S̃∗(~xj , t) >√

< |S̃(~xi, t)|2 >< |S̃(~xi, t)|2 >
(3.2)

where <> stands for an average over all subintervals. The cross spectra are com-

puted from averaging over overlapping subintervals of 30 seconds in this study. There

are 16 overlapped subintervals in two-minute interval and 26 overlapped subintervals

in three-minute interval. The cross spectrum Cij(ω) is a function of frequency in the

spacecraft frame. The amplitude |Cij(ω)|, in the range from 0 to 1, denotes the sig-

nal’s two-point coherence between spacecraft i and j. The phase of the complex Cij(ω),

defined as ∆θij , is the phase difference between two signals. In the phase difference

analysis we assume that the measured fluctuations can be described by a superposition

of local plane wave solutions with each frequency corresponding to a unique wave vector.

Using this assumption we rewrite the complex form of expression 3.1 summing over k:

∑
ω

S̃(~xj , ω) exp[iωt] =
∑
~k

S̃~k(ω~k,
~k) exp[−i~k cotxiωt] (3.3)

where S̃~k(ω~k,
~k) is the complex amplitude of the wave associated with frequency

ω and ~k. S̃~k(ω~k,
~k) is independent on time and location, which is equivalent to the

requirement that the plasma environment does not vary much during the interval of
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analysis. Following (1.3), the phase difference between wave spectra measured at two

locations ~xi and ~xj is:

∆θij = θ[S̃(~xi, ω)]− θ[S̃(~xj , ω)] = ~k · (~xj − ~xi) (3.4)

The magnitude of phase shift varies from 0 to less than 2π and there is no 2π am-

biguity in the phase shift in this study. Equation (3.4) states that the wave vector ~k is

related to the phase lag. With the phase lag ∆θij computed via (3.2), we use equation

(3.4) to calculate three-dimensional wave vector ~k. In this study, four Cluster spacecraft

provide total 6 phase difference spectra from 6 spacecraft pairs. Therefore expression

(1.4) includes a series of 6 equations. The 3D wave vector ~k can be constructed by

solving a subset of three equations provided that this set of three spacecraft pairs does

not locate in the same plane. This procedure establishes a one-to-one relation between

ω and ~k . With the knowledge of wave vector, we can determine the wavelength and

phase velocity of the waves. In the multi spacecraft analysis section 3.4 we use all 16

possible sets of combination to calculate the averaged wave vector.

Some qualitative properties of wave propagation can be obtained by looking at the

phase difference spectra ∆θij without solving the equations 3.4. From 3.4 positive ∆θij
corresponds to that the wave propagates from spacecraft i to spacecraft j and vice versa.

If ∆θij is approximately a linear function of ω , we can divide ω on both sides of 3.4.

The slope ∆θij/ω is proportional to ~xj−~xi divided by the velocity of the phase advance

between Spacecraft i and j. A linear pattern of ∆θij indicates an approximately constant

phase velocity. The slope ∆θij/ω provides information of the phase velocity of the waves.

For the analysis of signals from single spacecraft measurement, we replace two signals

S(~xj , t) and S(~xi, t) with two signals measured at the same spacecraft. Then equation

3.4 provides the phase difference between two signals.
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3.4 Multi-spacecraft data analysis

3.4.1 The coordinate system

The two coordinate systems used in this study are the Geocentric Solar Ecliptic (GSE)

system and the Magnetic Field Aligned Coordinates (MFAC) system. In the GSE sys-

tem, the x-axis points from the earth toward the sun; the y-axis lies in the ecliptic plane

directed from dawn to dusk, and the z-axis points northward normal to the ecliptic,

completing the right-handed orthogonal set. After the wave vector ~k is obtained in the

GSE coordinate system, we analyze polarization of waves in MFAC, which is a local co-

ordinate system more suited to wave analysis and comparison to the theory. The MFAC

z-axis points along the magnetic field obtained by a running one-minute-average, the

MFAC y-axis is perpendicular to the k-z plane defined by the wave vector ~k and MFAC

z-axis, and the MFAC x-axis completes the right handed system. In this event, the

analysis indicates the ~k is directed approximately parallel to the MFAC x direction (¡10

degrees).

3.4.2 Event overview

On August 17, 2003 from 16:30UT to 17:10UT, the four Cluster spacecraft were located

in the post-midnight sector (MLT 01:00) near the ecliptic plane at about (-17 Re, -6

Re, 1.0 Re) GSE. This 40 minute interval near the onset of a major geomagnetic storm

immediately preceded an abrupt decrease in the Dst index from -18 to -150 and an

increase in the AE index to 700. Figure 3.1 presents an overview of the Cluster 4

encounter with the reconnection region. Panel 1a, the x-GSE component of the proton

bulk velocity, shows the reconnection jets; panel 1b is the x-GSE component of the mag-

netic field; and panel 1c presents the density of H+ and O+. Panel a shows about 20

minutes (16:30UT-16:50UT) of fast tailward plasma flow (500-1000 km/s), followed by

5 minutes (16:50UT-16:55UT) of small flow ( ¡100 km/s), and then fast earthward flow

(500 km/s -1000 km/s). The maximum H+ jet velocity was 1200 km/s, which is on the

order of a H+ Alfvén speed and much larger than typical flows (¡100 km/s) in the tail.

Although the O+ flow was much smaller, 200-400 km/s, its reversal from tailward to

earthward flow coincides with that of the H+ ions. The encounter with a tailward fast
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flow followed by an earthward flow is consistent with the classical reconnection scenario

(see Figure 3.2), first described by Hones [33], in which the reconnection region and its

associated plasma jets retreat tailward past the spacecraft. Notice in panel b that the

spacecraft observes several intervals when the x-GSE (sunward) component of magnetic

field reverses direction, indicating passage through the cross tail current sheet. There

were also intervals when values of Bx−GSE are close to zero, indicating an encounter

with the center of the current sheet. During the reversals of Bx−GSE , By −GSE (see

Figure 3.3) is nonzero, on the order of 10 nT, and dominates over Bx. This indicates

the presence of a ”guide field” and illustrates the magnetic field lines in the northern

and southern lobes were not anti-parallel. Bx is typically negative for long periods of

time with values of -20 nT -40 nT. The fact that for the most part |Bx| ¿20 nT during

the flow reversal suggests that the spacecraft did not encounter the thin current sheet

region associated with the ion and electron decoupling regions [99]. However, the flow

reversal is strong evidence that the spacecraft did encounter the large scale magnetized

plasma outflow from the reconnection region. The analysis of this paper focuses on the

wave turbulence in the earthward and tailward flow regions, in the northern and south-

ern current sheet and in the region at the center of the current sheet. This provides a

global picture of the wave fields. As will be discussed, the relative orientations of the

flow fields and the magnetic field in these different regions play an important role in

determining the phase velocities of the waves.

Figure 3.3 presents the electric field and magnetic field observed by SC4 low pass

filtered at 1.0 Hz. The 2 mV/m DC offset in Ex-GSE due to asymmetric photoelectrons

has been removed. Four intervals were chosen for detailed analysis. The first is in the

tailward outflow region (interval A) from 16:35:00UT - 16:39:00UT, delineated by the

first pair of vertical lines in Figures 1-2. The study interval in the earthward outflow

region (interval D) is given by the fourth pair of the vertical lines from 16:57:30UT-

16:59:30UT. These two intervals have been chosen so that the variation in the environ-

ment is small in each interval. Intervals A and D both correspond to regions in the

southern edge of the current sheet. Interval B, delineated by the second pair of vertical

lines from 16:40:30UT-16:42:30UT, corresponds to a transit of the center of the current

sheet where the guide field dominates. In this region the tailward reconnection jet peaks
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Figure 3.1: Overview of the plasma jets, the associated magnetic field and density
structure from 16:30UT-17:10UT on August 17 2003 by Cluster 4. Panel a) Vx−GSE
component of the H+ and O+ velocity. b) The Bx-GSE component of the magnetic
field. c) The number density of O+ and H+.
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Figure 3.2: Cartoons: The reconnection site retreats tailward and passes over the space-
craft. The red line is the Cluster spacecraft trajectory.
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at 1000 km/s. Interval C, from 16:55:30UT-16:57:30UT indicated by the third pair of

vertical lines, corresponds to the Earthward flow region traversing the center of the

current sheet. In addition, we also analyze the waves in interval E from 16:39:30UT to

16:41:30UT (overlapped over interval B and not indicated in Figure (3.3) in the north-

ern edge of the current sheet.

3.4.3 Phase Lag Analysis

The results of phase lag analysis can be used to determine the scale size and the phase

velocity of the waves observed in four intervals in the vicinity of the reconnection region.

This information is then used to determine the relationship between the frequency in

the spacecraft frame and the wave vector ~k, the propagation direction relative to the

local magnetic field, and the relation between the wave propagation velocity and the

H+ and O+ flows.

As described in section 3.3, the complex phase differences between Fourier compo-

nents of magnetic or electric field variations with spacecraft frame frequency ω evaluated

at spatial distinct locations ~xi and ~xj are related to the wave vector as in equation 3.4.

This equation provides a relation between the phase lag ∆θij and the wave vector ~k

projected along a spacecraft separation vector. The phase lag is evaluated between all

six spacecraft pairs. Using the projection of ~k along each of the six separation vectors,

we can determine the three-dimensional ~k and the phase velocity of each Fourier com-

ponent in the frame of the spacecraft.

Waves with frequencies over the range of 0.03-1 Hz in the spacecraft frame are the

focus of the following analysis. Note that the H+ gyrofrequency is about 0.3 Hz in the

tailward jet and 0.45 Hz in the earthward jet. Thus, the waves observed have frequen-

cies comparable to, but both larger than and smaller than, the H+ gyrofrequency. We

focus on this frequency range because the analysis indicates that higher frequency waves

tend to de-correlate between the spacecraft, so that the analysis produces a large spread

in the phase lag and the propagation velocity. For frequencies above the de-coherence

frequency, we use the measured E/B ratio of the waves, along with dispersion relations,
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Figure 3.3: Overview of 40 minutes of electric and magnetic field data smoothed over one
second during August 17 2003 tail reconnection pass. All data are in GSE coordinates.
Vertical solid lines indicate intervals of wave analysis. Approximate directions of wave
propagation as determined from subsequent analysis in different regions of reconnection
structure are labeled at top of the figure.
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to provide information on wave numbers.

3.4.4 Propagation of waves in the earthward and tailward flow regions

near the outer periphery of the current sheet on southern tail

magnetic field lines

Figure 3.4 illustrates the systematic changes of the phase velocity of the waves in in-

tervals A and D at the outer edge of the current sheet, which also coincides with the

outer edge of the H+ flows. The region sampled corresponds to southern hemisphere

magnetic field lines (Bx−GSE < 0). Panels in the left hand column of Figure 3.4 corre-

spond to analysis in the earthward flow jet. Panels in the right hand column of Figure

3.4 correspond to analysis in the tailward flow jet. Panels a and c of Figure 3.4 present

the phase lag spectrum as a function of spacecraft frequency for the Earthward flow

region (panel a, interval D of Fig.3.1) and the tailward flow region (panel b, interval

A of Fig.3.1) for three different spacecraft pairs, shown in three different colors. The

blue dots correspond to SC1-SC4; the red dots correspond to SC1-SC2; and, the green

dots correspond to SC2-SC3. Each set corresponds to the phase lag ∆θij of the z-GSE

components of magnetic field measurements from a specific pair of spacecraft. Three

of the six possible spacecraft pairs are displayed since this is the number necessary to

determine a unique phase front orientation (~k) and its associated phase velocity.

The determined phase lag is linearly related to the frequency below 1-3 Hz. For larger

frequencies the spread is large and a slope cannot be estimated with any accuracy. The

large spread at larger frequencies (¿1-3 Hz) is a consequence of de-correlation of small

spatial scale waves as they propagate between the two spacecraft. A linear slope for the

phase lag relation indicates that the ”velocity of phase” is constant over a frequency

range. The ”velocity of phase” along the displacement vector between two spacecraft

(i and j) is ω/|k| cosα , where α is the angle between the ~k and the separation vector.

According to equation 3.4 the velocity of phase along the separation is proportional to

ω/∆θij(ω) which can be determined from the inverse of slope of the plotted phase lag

spectrum. The green curves (SC 2 and SC3) have the smallest slopes, indicating the

largest velocity of phase occurs between these two spacecraft. This separation vector
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Figure 3.4: Panel a and c are the phase shift spectra observed by Cluster spacecraft
pairs in the region D and the region A respectively. See text for the full description.
Panels b and d present the magnitude of the phase velocity of the waves in spacecraft
frame. The lower dashed line is the minimum jet velocity perpendicular to the magnetic
field over the intervals of the jet. The upper dashed line is maximum plasma jet velocity
perpendicular to magnetic field found over the entire interval of the jet. Panel e is the
schematic view of waves phase velocity, plasma velocity and magnetic field projected
into the ecliptic plane for Regions A (tailward jet) and D (earthward jet) in Figure 1.
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(SC2-SC3) is roughly aligned along the magnetic field direction; thus the observation is

consistent with waves which have the highest velocity of phase along the magnetic field

line. The curves associated with SC1-SC2 and SC3-SC4 have larger slopes, correspond-

ing to smaller velocities of phase. The spacecraft separation vectors for these pairs are

more perpendicular to the local magnetic field direction; thus the data indicate that

the smallest velocity of phase is directed perpendicular to the magnetic field direction.

These observations provide evidence that, in both Earthward and tailward flow regions,

the direction of propagation of the waves is mostly (but, as detailed analysis indicates,

not entirely) perpendicular to the local magnetic field direction. A positive phase lag

∆θij(ω) indicates wave propagation from location ~xi to ~xj and vice versa, as discussed

in the section 3.3. A comparison of the phase lag relations from the same spacecraft

pair between the earthward flow region (panel a) and the tailward flow region (panel b)

shows that the curves have opposite slopes indicating the waves propagate in approxi-

mately opposite directions in two outflow regions. In the earthward flow region (interval

D), negative phase shifts in pairs SC2-SC3 and SC1-SC2 indicate the wave propagates

from SC3 to SC2 and SC1. In the tailward flow region (interval A), the positive phase

lags in the same pairs indicate a reversal in the phase velocity.

Panels c and d present the phase velocity of the waves in the earthward and tailward

flow regions as a function of the magnitude of ~k . Using the values of |~k| obtained from

all possible permutations of spacecraft pairs, we estimate that the standard deviation of

|k̂| (sigma of |k̂| ) is approximately 10%. The phase velocity presented in these panels

is determined for each Fourier component using the phase lags along each of the three

independent spacecraft separation vectors. The wavelength determined from the phase

lag analysis ranges from 500 km to 15,000 km in the earthward flow region and from

400 km to 20,000 km in the tailward flow region. The phase velocity of the waves in

the earthward flow region varies between 500 km/s and 900 km/s; the phase speed of

the waves is 300 km/s to 500 km/s in the tailward jet region. The dashed lines indicate

the range of the perpendicular component of H+ velocity over the intervals of analysis.

The value of phase speeds are bounded by the maximum and the minimum value of the

perpendicular H+ jet velocity. These waves propagate relative to the local rest frame

of the plasma and are not simply convected by the flow. For instance, in the earthward
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jet region, the phase velocity (500 km/s-900 km/s) is significantly larger than the local

two-minute average O+ velocity projected along the measured ~k which is less than 200

km/s. The phase velocity is also systematically larger than the local two-minute average

H+ velocity projected along the , which is typically less than 400 km/s. It follows that

the waves propagate in the spacecraft frame at velocities greater than the local average

of total center of mass velocity of the plasma (VCM = (ρoVO+ρHVH)/(ρO+ρH)). In ad-

dition, the phase velocities relative to the rest frames of the ion species are much larger

than the ion diamagnetic drift velocities (¡100 km/s). In the case of the earthward flow,

the phase velocity is in the opposite direction to the ion diamagnetic drifts. Thus ion

diamagnetic drift is unlikely to be a free energy source for these waves. Panel e presents

a schematic of the relationship between the propagation of waves fronts (dark blue wavy

lines) in the plasma jets (light blue arrows) diverging from the reconnection region, the

ambient magnetic field (red arrows), and the total jet velocity vectors projected into

the ecliptic plane.

Panels a and b of Figure 3.5 present the angle between the ~k and the local magnetic

field direction as a function of the normalized wave number, ~k · · · ρH where ρH is the

proton gyroradius, determined from the measured proton perpendicular temperature

which is 4 kev (3 kev) in the earthward (tailward) jet. The proton gyroradius is 240 km

(310 km). The angle between ~k and ~B varies by about 10 degrees from perpendicular

to the magnetic field and depends on the wavelength. In the Earthward jet region D,

the average angle is slightly larger than 90 degrees. While in the Tailward jet region,

the angle is slightly less than 90 degree. This feature is consistent with the scenario

that the wave Poynting are outward from the reconnection site. Panel c and d of Figure

3.5 present the relation between the frequency in spacecraft frame and the normalized

wave number. The frequency in the spacecraft frame varies between 0.05 fci and a few

fci, where fci is the proton gyrofrequency. When Doppler shifted into the plasma flow

rest frame, the frequency of these waves is reduced to about less than one gyrofrequency

(see Table 3.1).
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Figure 3.5: Wave properties as a function of wavelength in the earthward plasma flow re-
gion (left panels) and tailward plasma flow region (right panels): Panels a and b present
the angle between the wave vector k and the magnetic field, showing the waves propa-
gate nearly perpendicular to the magnetic field. Panels c and d present the frequency
as a function of wavelength in the spacecraft frame.
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3.4.5 Propagation of waves near the center of the current sheet (Re-

gions B and C)

In this section, we discuss the wave fields observed in the center of the current sheet in

the earthward jet (Region C) and the tailward jet (Region B). The phase lag analysis for

these two regions are presented in Figure 3.6, in the same format as Figure 3.4. Panels

a and c show that the phase lag has a systematic relation that is inverted between the

Earthward and tailward flow regions. Similar to the result in Figure 3.4, this inversion

indicates that the phase velocity is oppositely directed in the two regions. The large

spread at f ¿ 1 Hz indicates that estimates of the phase velocity can not be obtained

at these frequencies. Panels b and d show that the phase velocity is on the order of

500-800 km/s over the wave number range from 4x10−4km−1 to 10−2km−1 (wavelength

of 15,000 km to 600 km). Near the center of the current sheet, the magnetic field has

significantly rotated relative to the nearly tailward direction near the outer edge of the

current sheet. The measured direction of wave propagation in the center of the current

sheet is almost perpendicular to the local magnetic field and has a strong earthward

(tailward) direction in interval C (interval B). Near the center of the current sheet in the

earthward flow jet (Region C), the wave propagation is rotated by 45 degrees relative

to the direction of propagation seen in region D at the edge. Similarly, in the tailward

flow region near the center of the current sheet (Region B), the direction of propagation

is rotated by almost 90 degrees relative to the direction of propagation in the same jet

near the outer part of the current sheet (Region A). Thus, waves at the center of the

current sheets (intervals B, C) propagate in different directions from the waves at the

edge of the current sheet (intervals A, D), which has important implications for the

global structure of the waves as discussed in the next section.

This is the first observation of waves propagating in systematically different direc-

tions in different regions of the reconnection and illustrates the power of phase lag

analysis using spatially separated spacecraft arrays. These results indicate the strong

relation between the magnetic field direction, the reconnection jet direction and the

direction of the wave propagation. The wave vector is 16 degrees out of the ecliptic

plane. The waves are propagating nearly but not quite perpendicular to the magnetic

field direction. The wave vector direction is determined by the projection of the plasma
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flow vector perpendicular to the magnetic field. In particular, on the earthward side,

the measured wave propagation direction has a strong dawnward and earthward com-

ponent, while in the tailward flow region the waves propagate dusk-ward and tailward.

The phase fronts in the earthward flow region are drawn at a small angle relative to

the magnetic field such that there is a finite component of the kparallel and a velocity of

phase along the magnetic field towards the Earth. This earthward propagation of phase

fronts is consistent with earthward flow of Poynting flux along the magnetic field which

will be discussed in a later section. The wave vector is about 16 degrees deviated from

the ecliptic plane. The quantitative results for all regions are summarized in Table 3.1.

In addition, the analysis results of region E (16: 39:30UT-16:41:30UT, not indicated in

figure 3.1 in the northern edge of the current sheet are also listed in the Table 3.1.
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Figure 3.6: Panel a and c are the phase shift spectra observed by Cluster spacecraft
pairs in the region C and the region B respectively in a format similar to figure 3. Panels
b and d present the magnitude of the phase velocity of the waves in spacecraft frame.
Panel e is the schematic view of waves phase velocity, plasma velocity and magnetic
field projected into the ecliptic plane during the interval when Cluster spacecraft is near
the center of the current sheet in regions in regions B (tailward jet) and C (earthward
jet) denoted in Figure 3.1.
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Tailward jet Tailward jet Tailward jet Earthward jet Earthward jet
(A) (E) (B) (C) (D)

Interval 16:35:30 16:39:30 16:40:30 16:55:30 16;57:30
-16:38:30 -16:41:30 -16;42:30 -16:57:30 -16:59:30

Location Outer edge Outer edge Transiting Transiting Outer edge
(south) (north) center center (south)

Frequency 0.03-1.0 Hz 0.03-1.0 Hz 0.03-1.0 Hz 0.03-1.0 Hz 0.03-1.0 Hz
(SC frame) (0.1-3.5 fic) (0.1-2.5 fic)

< k̂ >(GSE) (-0.73,0.65,-0.22) (-0.82,-0.42,0.24) (-0.86,-0.36, 0) (0.78,-0.40, 0) (0.55,-0.78, -0.28)

Local ~B(GSE) 20 nT 25 nT 12 nT 24 nT 30 nT
(-18,-9.4,-1.8) (20,-18,-8.0) ((1.3,-11.,-5.7) -16,-20.,1.5) (-23.,-18.,12.6)

< ∠(~k − ~B) > 70-85 degrees 100 130 degrees 80 degrees 80-110 degrees 80-100 degrees

Phase speed 300-500 km/s 300-500 km/s 500 km/s 400-600 km/s 500-900 km/s

Local V⊥B 50-500 km/s 0-700 km/s 200-700 km/s 100-1200 km/s 100-1000 km/s
(H+)
2-minute 300 km/s 325 km/s 425 km/s 620 km/s 530 km/s
average V⊥B

(H+)
V⊥B (H+) 400 km/s 700 km/s 500 km/s 1100 km/s 900 km/s
shear
Local V⊥B 100-300 km/s 0-300 km/s 0-300 km/s 100-300 km/s 100-500 km/s
(O+)
2-minute 185 km/s 140 km/s 140 km/s 190 km/s 270 km/s
average V⊥B

(O+)
2-minute 220 km/s 210 km/s 260 km/s 340 km/s 450 km/s
average V⊥B

center of mass

Table 3.1: Wave and plasma parameters in different regions of reconnection jets
(08/17/2003)
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Parameters Earthward jet event Tailward jet event Remarks
~B 30nT 20nT GSE coordinates system

(-23,-18,12.6) (-18.5,-9.4,1.8)
Te 1.5keV 200 400 eV From Peace instrument
Ti 5keV 3keV From CIS instrument

T⊥
fic(H+) 0.45 Hz 0.32 Hz H+ gyrofrequency
Cs 1700 km/s 1400 km/s Sound speed
Vth(H+) 1000 km/s(4 kev) 870 km/s H+ thermal speed
Vthe

−1 18700 km/s 8300 km/s Electron thermal speed
ρi 240 km 310 km H+ thermal gyroradius
VAH 1500 km/s 550 km/s Alfvén speed of H+

β 0.3 0.45 Plasma Beta
ne 0.2cm−3 1cm−3 Electron number density
nH 0.2cm−3 1cm−3 H+ number density
nO 0.003 0.1cm−3 0.05cm−3 O+ number density
V x−GSE : H+ 500 1200 km/s -500 -900 km/s
V x−GSE : O+ 200 300 km/s -200 -300 km/s
ωH 93 Hz 210 Hz H+ plasma frequency
c/ωH 510 km 220 km H+ inertial length

Table 3.2: Table of parameters in different reconnection regions
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3.5 Comparison of observations to predictions for the Kelvin-

Helmholtz surface waves

3.5.1 The experimental evidence for a surface wave

As the previous analysis has shown, the wave vectors determined in this study for all

different regions are nearly in the xy-GSE plane. This motivates our interpretation

that the waves observed in this event are surface waves propagating nearly in the xy

-GSE plane which, on average, over large scales, coincides with the plane of the current

sheet. The gradient in density is normal to this plane (xy-GSE) and the phase velocity

of surface waves ”straddle” this interface. Additional evidence for surface waves is pre-

sented in Figure 3.7 which compares the magnitude of the wave magnetic field and the

variations in spacecraft potential, a rough proxy for the plasma density. Both quanti-

ties have been detrended through subtraction of a 4s running average. Although the

estimate of the density has large uncertainties in the high temperature plasma sheet,

the relation is good enough to show that the density and the magnitude of the magnetic

field are anti-correlated in a manner expected for transitions into and out of the high

density plasma sheet, consistent with surface waves propagating along the plasma sheet

boundary. It is should be emphasized that the waves are not simple ”two dimensional”

global surface waves. As already shown in Figures 3.4 and 3.6, the phase velocities at

the current sheet center are typically not in the same direction as those in the outer

edge. The results support a scenario in which the phase fronts propagate approximately

in the local (V⊥)xy−GSE .

3.5.2 Evidence for Kelvin-Helmholtz type driving mechanism

The observations in figure 3.4 and figure 3.6 indicate that waves with ~k nearly perpen-

dicular to the magnetic field are preferentially excited and that the waves propagate

nearly in the direction of local (V⊥)xy−GSE . In figure 3.8, we highlight the systematic

relationship between shifts in the direction of the perpendicular flow velocity and the

direction of propagation of waves. The red bars in figure 3.8 are components of the wave

phase velocity in the GSE coordinate. The phase velocity is correlated with (V⊥)xy−GSE
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Figure 3.7: Band pass filtered (a background of 4s average is subtracted) δ|B| and
Spacecraft potential δV . Spacecraft potential is a rough indicator of the electron number
density. The anti-correlation between δ|B| and δV is evidence for surface waves. See
the text for a detailed description.
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but not correlated with (V⊥)z−GSE . One possible reason is that normal flow (V⊥)z−GSE
does not affect the phase velocity of surface waves embedded in the boundary layer plane

as indicated by the dispersion relation of surface wave. The wave fields are organized in

layers in which the velocity of propagation of the waves in one layer is sheared relative

to the adjacent layer. The organizing principle behind this shear is that the magnetic

field direction and also the component of the plasma flow perpendicular to the magnetic

field direction are rotating through the current sheet.

One candidate for free energy source for these waves is the velocity shear, as de-

scribed in various magnetized Kelvin Helmholtz scenarios. In the K-H type instability,

the velocity is particularly destabilizing if it has a strong component perpendicular to

the magnetic field direction. Results of our wave analysis are consistent with a scenario

in which the gradient in the flow velocity perpendicular to the magnetic field direction

is the source of free energy for driving the waves. The direction of propagation of the

wave is most correlated with (V⊥)xy−GSE . More detailed discussions of K-H instability

will be presented in section 3.5.

It should be noted that the phase velocity is large compared to the estimated ion

diamagnetic drift. The spacecraft potential measurements on the four spacecraft (not

shown), show a 10 % difference in background density between SC4 and three other

spacecraft. SC4 is separated from other three spacecraft in the north-south direction

by 200 km, so the inhomogeneity scale is estimated to be 2000 km, yielding a dia-

magnetic drift velocity of about 60 km/s for H+ and 15 km/s for electrons. This is

much smaller than the velocity of propagation of the waves in the local rest frame of

the plasma, so the waves in this event are unlikely to be driven by the diamagnetic drift.

Figure 3.9 and figure 3.10 represent the ion (H+andO+) flow velocity components

projected parallel and perpendicular to the magnetic field, respectively, in the GSE

coordinates system. The bottom panel of figure 3.9 shows the magnitudes of parallel

velocity of the H+ and O+ ions. Both the parallel and perpendicular velocity of H+ and

O+ show the bidirectional jet structure with a tailward jet preceding the Earthward jet

over the same time interval. It is also true that the H+ ion velocity in the perpendicular
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Figure 3.8: Panel a, b and c are x ,y and z components of the perpendicular Center
of mass velocity in GSE. The red bars indicate the wave phase velocity obtained from
analysis. Panel d is the magnitude of the magnetic field. Panel f shows the perpendicular
Alfvénic number, defined as the perpendicular component of the Center of mass velocity
divided by local Alfvén speed.
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Figure 3.9: Overview of 40 minutes of the O+ and H+ parallel bulk flow velocity
measured by CIS onboard Cluster 4.
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Figure 3.10: Overview of 40 minutes of the O+ and H+ perpendicular bulk flow velocity
measured by CIS onboard Cluster 4.
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and parallel directions are larger and more variable than the O+ flows. On average, the

H+ flow velocity is about 2-3 times that of the O+. The data shows there are transient

H+ flows with peaks amplitudes of 1000 km/s over periods of 10-60 seconds which are

either much smaller or not present in the O+ velocity. The mismatch in flows in the

perpendicular direction with the lighter species being more variable on scales smaller

than the O+ gyroperiod ( 10-100 seconds) is indicative of de-magnetization of the O+

flows. The large relative flow between H+ and O+ in the parallel direction 1000 km/s

is comparable to the Alfvén speed and is a significant free energy source. This source of

free energy are co-located with the other major source of free energy of the system which

is associated with the velocity gradients of the two fluid flows. The co-existence of the

large relative H+ − O+ parallel and perpendicular flows along with their spatial shear

of the velocity are major complicating features that must be simultaneously taken into

account in theoretical analysis of growth and propagation of the waves. The existence

of O+ decoupling also highlights the fact that not only are the jets decoupled but its

is highly likely the waves over the frequency interval (.05 Hz-10 Hz) that we analyze

are likely to be either ”partially or completely decoupled” from the O+ fluid. Although

complications are likely to be a frequent feature of high speed three dimensional recon-

nection jets in the Earth’s geomagnetic tail, they have not yet been incorporated into

any analysis of the generation and evolution of waves in simulations or analytic analysis

present in the literature today.

3.5.3 Ex/By MFAC spectrum

Figure 3.11 presents the observational Ex/By MFAC and the theoretical Ex/By MFAC

of a Kinetic Alfvén wave. In the figure the stars are the real part of the Fourier spec-

tral ratio of the two wave components, δBy−MFAC and δEx−MFAC , in the earthward

jet region D. Only two-dimensional electric field measurements in the ecliptic plane

are available from Cluster. In this event study, we do not use the ~E · · · ~B = 0 as-

sumption because the magnetic field line is mainly in the spin plane. We approximate

δEx−MFAC using E⊥ which is the component of the two-dimensional electric field per-

pendicular to ambient magnetic field. Since ~k and ~B are almost perpendicular to each

other and ~k is almost in the ecliptic plane, E⊥ has only an about 16 degree deviation
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from the x axis in the xy-MFAC. Under the condition that ~k lies in the xz-MFAC,

δEx−MFAC is the Alfvénic electric field and δBy−MFAC is the corresponding magnetic

field fluctuation in the low frequency limit. The Ex−MFAC used in calculation has been

Lorentz transformed using the average jet velocity so that the Ex−MFAC is in the local

rest frame of the jet. To reduce the noise signal we average the Ex(f)/By(f)MFAC

over a range of f/5 in the frequency space. In the low frequency less than 0.15Hz,

the Ex(f)/By(f)MFAC is 500km/s. Since the Ex(f)/By(f)MFAC is comparable to

1/µo
∑

p, where
∑

p is the ionosphere Pedersen conductivity, the waves are mostly likely

coupled to the ionosphere [46]. The Pedersen conductivity is usually in the range 1 10

mhos [62]. The Ex(f)/By(f) ( 500km/s) corresponds a 1 2 mho Pedersen conductivity.

The local H+ Alfvén speed is 1,500km/s. In the higher frequency range (¿0.15Hz),

the observational values of Ex(f)/By(f)MFAC increase with frequency from about

one to a few Alfvén speed. Qualitatively this increase in Ex(f)/By(f)MFAC is ex-

pected from the kinetic Alfvén wave dispersion relation. The theoretical curves indicate

Ex(f)/By(f)MFAC of a linear Kinetic Alfvén wave for a set of temperatures. In this

2-minute interval, the average ion temperature is 5 keV with a variance of 2 keV.

Therefore we show the theoretical curves with ion temperature at 3 keV, 5 keV, and 7

keV. The linear theory of Kinetic Alfvén wave [49, 46, 88] predicts that

Ex
By

=
VA(1 + k2

⊥ρ
2
i )√

1 + k2
⊥ρ

2
i + k2

⊥ρ
2
s

(3.5)

where ρi =
√
Ti/miΩ2

i is ion gyroradius and ρs =
√
Te/miΩ2

i is the ion acoustic

gyroradius. To compare the observed Ex(f)/By(f)MFAC with the theoretical one,

we need to convert observed frequency to a function of perpendicular wave number k⊥.

The measured wave phase velocity is 600 km/s almost perpendicular to the magnetic

field in the frequency range 0.03-1 Hz. In order to convert from frequency to k⊥, we ex-

trapolate this phase velocity to higher frequency up to 10 Hz and use this phase velocity

to obtain a relation between frequency and the corresponding k⊥, k⊥ = 2πf/Vphase.

The theoretical values agree with observation to within a factor of 2. The agreement is

better at the smaller scale k⊥ ∗ρi > 0.5, suggesting that δBy−MFAC and δEx−MFAC are

indeed the (kinetic) Alfvénic components. Note that the electrostatic component of the

wave field is comparable to that in the ”Alfvénic” component. Perturbations are also
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seen in the other magnetic field components. These waves are not simple Alfvén waves.

Figure 3.11: Ex/By MFAC obtained from measurements by SC2 in the earthward jet
region and predicted values of Ex/By MFAC for kinetic Alfvén waves

Panels a and c of Figure 3.12 provide the power spectra of two components of the

measured electric field. The red represents the power spectrum of the electric field com-

ponent (Ebot)xy−GSE that is on the xy-GSE plane and perpendicular to magnetic. This

component of electric field is approximately along ~k in this study. This is because the ~k
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deviates from the measurement plane of the electric field ( xy-GSE plane) only by about

16 degrees. The blue indicates the other orthogonal electric field component on the xy-

GSE plane. This electric field component is approximately along the magnetic field

direction since the Bz−GSE is quite small. However, there could be strong contribution

to this electric field component from the perpendicular component since the magnetic

field makes an angle with the spin plane up to 25 degrees. There are several peaks in the

power spectral density at frequency around the harmonics spacecraft spin frequency 0.25

Hz. These peaks are probably artificial. The plots of power spectral density indicate

that the electric field component approximately along ~k, which is nearly perpendicular

to the magnetic field, is typically several times larger than that parallel to the magnetic

field. Panels b and d of figure 3.12 present the power density spectra of three com-

ponents magnetic field in MFAC as a function of spacecraft frequency. The frequency

is approximately proportional to the |~k|. The compressive magnetic component (green

trace), e.g., the component of the wave magnetic field parallel to the average magnetic

field, is comparable to or slightly smaller than the transverse components. This is most

pronounced for lower wave numbers in the earthward flow region. The two transverse

components are roughly equal. Note that the magnetic field spectra fall more rapidly as

a function of wave number than the electric field spectra. This is consistent with linear

dispersion relations in which the E/B ratio increases with increasing wave number. The

power law dependence of the power in the magnetic field fluctuations is on the order

of k−5/2 where as the electric field power law falls roughly as k−1. The power in the

small scale dispersive Alfvén wave could be the result of energy cascading from large

scales. We note that this system is likely to obey few of the assumptions associated

with Kolmogorov spectra since there is continuous radiation of significant power out

of the system by wave Poynting flux. The observed waves may propagate away from

the sources of free energy, i.e., the finite extent jets, and there are strong kinetic effects

associated with the H+ ions which have k − ρH+ 1 and the O+ ions which may be

demagnetized.
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Figure 3.12: Panels a and c provide the power spectra of the electric field fluctuations
approximately along the (red) and approximately along the magnetic field direction
(blue). Panels b and d present the power density spectra of Bx (red), By (green) and
Bz (blue) in MFAC as a function of spacecraft frequency.
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3.5.4 Discussion on the Kelvin-Helmholtz instability

The discussions following figure 3.8 indicate that the waves are consistent with the K-H

instability. The fact that the waves observed in this event consistently track the per-

pendicular projection of the flow velocity and have phase speeds intermediate between

the maximum observed flow velocity in the center of the current sheet and the much

lower flow velocity on the outer edge is important evidence that the waves are driven by

the shear in the reconnection jet in the direction normal to the current sheet. However,

we note that the geometry in this reconnection event is more complicated than that

assumed for theoretical analysis of K-H instability. Therefore, the K-H scenario is used

only to motivate qualitative understanding of the observed direction of propagation,

phase speeds, and criteria for instability. There is no theoretical analysis of K-H insta-

bility addressing simultaneously the following issues in the observations: (1) Significant

contributions to the mass density from two different (H+ and O+) ion species; (2) par-

tially demagnetized ions; (3) finite width of the current sheet with excitation of waves

with spatial scales both larger and smaller than the current sheet; (4) possible steady

coupling to Earth’s conducting ionosphere at the largest scale sizes (5) the energy loss

via radiation of Alfvén waves at intermediate scales; (6) the existence of a guide field

and (7) small scale Alfvén waves and possible local parallel heating of electrons. In

this section, we discuss the insights and limitations of K-H instability theories in the

comparison with the observation in this study. We discuss predictions of four different

theoretical treatments for K-H, two have zero thickness shear, one exams finite thickness

shear, and one includes two ion species.

Chandrasekhar [13] gave the first elegant treatment of the K-H instability in a mag-

netized plasma. This theory is concerned with the MHD stability of a tangential velocity

discontinuity (velocity shear layer of zero thickness) in an incompressible plasma. In the

linear stage of the instability, the free energy stored in plasma flow excites the surface

wave propagating in the vicinity of velocity shear layer. The onset criterion for the

instability [13] is

(~k · · ·∆~V )2 >
ρ1 + ρ2

ρ2
(~k · · · B̂1

2
V 2

1A) +
ρ1 + ρ2

ρ1
(~k · · · B̂2

2
V 2

2A) (3.6)
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where ~k is the wave vector of the propagating surface wave, ∆~V is the velocity

difference across the boundary, ρ1 and ρ2 are the mass densities, B̂1 and B̂2 are the

unit magnetic field line vectors, and V1A and V2A are the Alfvén speeds of the plasma

on two sides of the boundary. The dispersion relation for the surface wave is

ω

k
=
ρ1k̂ · · · ~V1 + ρ2k̂ · · · ~V2

ρ1 + ρ2
(3.7)

where the frequency ω is the surface wave frequency measured in the frame of the

boundary, and ~V1 and ~V2 are the plasma flow velocities on two sides of the boundary.

From the result 3.6, we recognize immediately one general feature of K-H. If the plasma

flow is perpendicular to the magnetic field, the magnetic field has no effect on the in-

stability and the flow is unstable for any velocity jumps, just as in the non-magnetized

fluid dynamics. This feature is consistent with a scenario in which the perpendicular

component of the reconnection jet drives the observed surface wave and the free energy

source is the flow velocity gradient normal to the current sheet. Equation 3.7 represents

another general property of the K-H surface wave. The phase speed of the surface wave

is intermediate between the maximum and the minimum of k̂ · · · ~V . This feature of the

phase speed of K-H surface wave is consistent with the observations presented herein.

We note that the observed waves have phase speed comparable to or less than the max-

imum ~V . In this event, ~V is approximately equal to k̂ · · · ~V .

Under the same boundary conditions for derivation of the K-H instability, Treumann

and Baumjohann [93] provide further insight into the dispersion relation. Equation 3.6

and 3.7 are equivalent to

1

ρ2[(ω − ~k · · · ~V2)2 − (~k · · · ~V2A)2]
+

1

ρ1[(ω − ~k · · · ~V1)2 − (~k · · · ~V1A)2]
= 0 (3.8)

This is very similar to a streaming instability with the role of plasma modes taken

by Alfvén waves propagating in two regions. The first term is the Alfvén wave in the

streaming region 2, as seen in the frame of the interface; the second term is the Alfvén

wave in the streaming region 1, as seen in the frame of the interface. The role of the

interface is to couple these two Alfvén modes. Based on this interpretation, Treumann

and Baumjohann [93] present the dispersion relation for a kinetic K-H surface wave by
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replacing the Alfvén wave with oblique kinetic Alfvén waves when the wavelength is

comparable to the ion gyroradius. This extension of the dispersion relation to the ki-

netic regime provides some insight into the small-scale waves observed in this event. In

the presence of a wider interface (boundary layer) and smaller wavelength, the coupling

of Alfvén modes in two regions is expected to be weaker as the small-scale waves ”sam-

ple” less inhomogeneity in the plasma. In this case, the dispersion relation of kinetic

Alfvén wave [49, 88] should describe qualitatively the properties of these small-scale

waves. This motivates the comparison between the observed E/B and the theoretical

prediction of a kinetic Alfvén dispersion relation, shown in Figure 3.11.

Three important issues in our observation, however, are not included in the Treumann’s

treatment. The first is the effect of the finite width of the boundary layer. The tran-

sition in velocity shear is not sharp. The scale of the velocity and density gradient is

about 2000 km, comparable to the ion gyroradius near the current sheet center. Ions are

partially demagnetized. The difference between the electron behavior and ion behavior

must be included, requiring at least a two-fluid treatment. Inclusion of compressibility

is another issue. In this case, the plasma Beta is quite high, comparable to one. We

also observed compressibility directly through the fluctuations in the magnitude of the

magnetic field.

Miura and Pritchett analyzed the K-H instability in a compressible plasma and ad-

dressed the effect of finite thickness boundary layer within the framework of MHD [51].

They find that compressibility and a magnetic field component parallel to the flow are

both stabilizing effects. They also find that the effect of finite thickness boundary layer

is to suppress waves with wavelength less than the boundary layer thickness. Since the

treatment is in MHD, it does not address the effect of a boundary layer width com-

parable to an ion gyroradius and the existence of demagnetized O+ population in this

event. It also does not address the spectrum of waves with wavelength comparable or

less than the ion gyroradius.

Karimabadi et al. investigate the effect of a second ion population on the ion-ion

kink instability in a kinetic approach [36, 37]. In the current sheet, the core component



70

of the ions is diamagnetic drifting with respect to a second background ion popula-

tion. The sources of free energy available are the ion-ion streaming and velocity shear.

Although the linear theory results indicate that there is a strong similarity between

the ion-ion kink mode and the standard K-H instability, the linear mode properties do

exhibit dependencies on the kinetic details of the secondary ion population, which is

different from the standard K-H instability. In our event, observation showed that the

ion diamagnetic drift is unlikely to be a free energy source for these waves. First, the

phase velocities relative to the rest frames of the ion species are much larger than the

ion diamagnetic drift velocities (¡100 km/s). Second, in the earthward flow, the phase

velocity is in the opposite direction to the ion diamagnetic drifts. In summary, the

velocity shear in reconnection jet is the most likely free energy source in this event.

3.6 The Energy transport from the geomagnetic tail to

the aurora

3.6.1 The Poynting flux spectrum in the Earthward Jet (Region D)

and energy source for aurora

An important property of the observed wave fields in region D is that they are associ-

ated with energy transfer from the geomagnetic tail to the auroral zone. We present an

estimate of the Poynting flux associated with the surface waves propagating in the earth-

ward jet as a function of wave number over spatial scales ranging from 12,000 km to 300

km. These waves propagate at 75 to 80 degrees relative to the magnetic field, and the

component of ~k along the magnetic field is directed towards the Earth. The estimated

velocity of propagation along the magnetic field is on the order of 2000 km/s, close to the

local Alfvén speed (1500 km/s). The Poynting flux is calculated in the rest frame of the

spacecraft SC2 (or nearly equivalently the rest frame of the Earth). Figure 3.13 presents

the spatial spectrum of the field aligned Poynting flux Re < Ex(k).By(k)∗ > MFAC.

Since δEy−MFAC is not measured, Re < Ey(k).Bx(k)∗ > MFAC can not be deter-

mined. However, since δBx−MFAC is comparable to or larger than δBy−MFAC , the

estimated Poynting flux is accurate to about 50 %. The in situ earthward field aligned
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Poynting flux is about 0.10erg/cm2 ∗ s, integrated over wavelengths from 500 km to

3000 km. The magnetic field strength is about 30 nT in situ and 45,000 nT at the iono-

sphere. For propagation which is exclusively along the magnetic field line, the Poynting

flux increases as the cross sectional area of the magnetic flux tube or as the ratio of the

ionosphere magnetic field strength to the local field strength. Mapped to ionosphere,

the average field aligned Poynting flux is about 100erg/cm2 ∗ s, over distance of 1 de-

gree. This is sufficient to provide the kinetic energy flux of auroral electron beams

associated with the some of most intense aurora [100]. The corresponding ”foot print”

of the intense Poynting flux at ionosphere altitudes should have scales from 10 km to

100 km perpendicular to magnetic field. The phase velocity of these structures in the

ionosphere, which would occur at the polar cap boundary, would be 10 km/s in an

eastward direction in the southern hemisphere.

This scenario is based on simplifying assumptions which are the subject of on-going

research. For example, it assumes there is no further increase in the particle energy flux

or Poynting flux into or out of the flux tube at lower altitudes. We note that Alfvén

waves at large scales have a group velocity along the field line, but, at smaller scales

in the kinetic and inertial ranges, may have group velocity components perpendicular

to B that may change perpendicular scale sizes. The waves are propagating along the

density gradient which provides a gradient in the Alfvén velocity. The shear in Alfvén

velocity can create phase mixing of the waves, resulting in smaller perpendicular scales

waves. Compressional waves may mode convert at the Alfvén velocity gradient. In-

spection of ion and electron distribution functions during this time interval indicates

that they are composed of blocks in phase space which may be a source of free energy

for wave growth. The braking of the jets as they propagate in to the stronger mag-

netic field regions closer to the Earth may provide further free energy for wave growth.

Energy may be subtracted from the waves via electron heating and field aligned en-

ergization. A variety of important smaller scale non-linear processes associated with

large amplitude kinetic and inertial Alfvén waves are known to operate at low altitudes

(¡6000 km) which can be important in producing structure over scales less than 1 degree.
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Figure 3.13: The in-situ magnetic field aligned Poynting flux is presented for the first
time as a function of the perpendicular wavelength measured. The mapped value of
Poynting flux and longitudinal scale of waves is evidence for the link between reconnec-
tion site and aurora zone. See the detailed description in text.
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3.7 Conclusions

We have presented Cluster observations of waves from 0.03 Hz to 1 Hz in the recon-

nection outflow regions in the geomagnetic tail around the onset of a substorm. The

Cluster array with separations of about 300 km allowed us to determine the spatial scale

and phase velocity of the waves over scales ranging from MHD to an ion gyro-radius.

For scale sizes smaller than an H+ ion gyroradius, the waves are not coherent over the

spacecraft separation distances and the technique of phase lag analysis can not be used.

We have provided strong evidence that the waves are consistent with a velocity shear

flow instability similar to the magnetized K-H instability. The event studied is of special

interest because the diverging reconnection jets had high flow velocities of 1000 km/s

in the earthward and tailward directions. Particle flow measurements indicate that the

spacecraft encountered both the earthward jet and the tailward jet emanating from the

reconnection region. Five specific time intervals were analyzed at different locations

relative to the reconnection jets and the current layer. In all flow regions, the phase

velocities of the waves were nearly perpendicular to the magnetic field direction and

more specifically in the same direction as the jet’s perpendicular velocity projected in

the xy-GSE plane. The z-GSE component of the jet velocity is irrelevant in determining

the wave velocity. The direction of the magnetic field varied systematically through the

reconnection region, as did the direction of the velocity component perpendicular to

the magnetic field, which reverses direction between the earthward and tailward jet.

The waves excited in the earthward jet, direction where the perpendicular component

of the velocity was dawn-ward, propagate in the dawn-ward. In contrast, the waves

in the tailward jet, where the perpendicular component of the velocity was dusk-ward,

propagate in the dusk-ward direction. At the center of the current sheet, there is evi-

dence for a significant guide field. In this region, the wave propagation velocity has a

strong earthward component in the earthward jet and a strong tailward component in

the tailward jet. The values of the phase velocity are roughly comparable to the velocity

of the plasma (800-1000 km/s) and are much smaller than the magnetosonic velocity.

In all flow regions, the waves propagate nearly perpendicular to the magnetic field and

the wave vector lies mostly in the ecliptic plane.
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The frequency range of the waves, when Doppler shifted to plasma rest frame, is

estimated to be in the range from MHD scale to around proton gyrofrequency. In the

earthward jet region, the wave phase speed is about 400-900 km/s, which is faster than

the local 2-minute average jet perpendicular velocity 300 km/s. The magnitude of the

phase velocity relative to the plasma rest frame is much larger than either H+ or elec-

tron diamagnetic drifts, 60 km/s or 15 km/s respectively, arguing against a drift wave

explanation for these particular waves. In addition, the waves propagate in a direction

opposite to that expected for drift waves.

The event studied is of special interest because the Poynting flux could be an impor-

tant link between aurora and reconnection. Measurements of the transverse electric field

and magnetic fields in the earthward jets at the outer edges of the current sheet indicate

that a significant Poynting flux is radiated towards the Earth along the geomagnetic

field. Simple physical considerations suggest a scenario in which the transverse ”twists”

in the local magnetic field induced by the magnetized shear mode instability propagate

away from the localized generation region along the magnetic field. This scenario is

consistent with the suggestion that the East-West fluctuation of busty bulk flow may

be the dominating contribution to the Poynting flux out of plasma sheet [3]. When

mapped to altitudes of 100 km along converging magnetic field lines, the Poynting flux

is on the order of 100mW/m2. Two major factors contribute to the uncertainty of the

mapped Poynting flux. The observation in plasma sheet indicated that a large portion

( 90 %) of Poynting flux dissipated in the path from Geotail (at 18 Re) to Polar ( 5

Re) [3]. In that case, the Poynting flux ( 10 %) at Polar is still sufficient to power

aurora. On the other hand, this estimate of the Poynting flux is likely an underestimate

(by about 50 %), since only the two dimensional electric field in the spin plane of the

Cluster is measured; thus, the contribution to the Poynting flux from the electric field

normal to the plane is not determined. The measured Poynting flux is comparable to

that observed along the plasma sheet boundary layer at 6 Re by Wygant et al. [100]

and connected to strong auroral emissions along the field lines. The observed Poynting

flux is several times the value of energy flux necessary for the acceleration of intense

auroral electron beams observed at lower altitudes. The observations presented herein

show that the scale sizes of the waves, which vary between several thousand and several
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hundred kilometers in the tail at 17 Re, are consistent with the 10-100 km range of scale

sizes of auroral forms propagating across the night sky. Furthermore, the velocities of

the waves in the tail when mapped to the ionospheric altitudes are consistent with some

of the faster velocities (10-20 km/s) of wave auroral forms observed by ground imagers.

The above discussion indicates that the complex motion of auroral forms observed dur-

ing above periods may sometimes be determined by the phase velocity of surface waves

in the distant tail and at other times by the local ExB motion of the plasma in the tail.



Chapter 4

Future work

4.1 Introduction

This chapter describes some preliminary study results and further research steps.

Chapter 3 presented the field-aligned Poynting flux spectra of the waves in the tail

reconnection jets and suggests that these waves are responsible for the energy source

and dynamic forms of the aurora. In this chapter, we will investigate in more detail this

relation by looking at the simultaneous auroral image captured by the VIS instrument

onboard the Polar spacecraft.

Chapter 3 also presented an application of cross-spectral analysis of multiple space-

craft data to obtain the wave phase velocity and the spatial scale in the geomagnetic

tail. One question is whether these waves can interact with particles and energize high

energy particles locally. The temporal and spatial scale of the waves are very important

in determining the wave-particle interaction. Preliminary studies along this line will be

presented.

The cross-spectral technique can also be applied to identify waves in other regions of

the magnetosphere or in the solar wind. Wave polarization in a turbulent environment

can be studied with the cross-spectral analysis from single spacecraft measurements.

Partial information of the spatial scale of waves can also be obtained with less than four
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spacecraft, for instance the two spacecraft in the RBSP mission.

4.2 Comparison between the aurora structure and the ob-

served surface wave in the tail

In the previous chapter, we have shown the field-aligned Poynting flux spatial spectrum

of the surface waves in the tail reconnection jets and suggested that the waves observed

in the tail reconnection powers the low altitude wave forms of the aurora. A next step

along this line is to investigate the one-to-one correspondence between the waves and

the auroral forms as seen in auroral images.

The Visible Imaging System (VIS) instrument onboard the Polar spacecraft is at

the right position to observe the corresponding auroral form in the event discussed in

chapter 3. Figure 4.1 presents a preliminary comparison between the VIS auroral image

and the observed wave in the tail. The left side is the auroral emission of OI at 557.0 nm

observed by VIS in the southern hemisphere. On the right hand side of figure 4.1 are the

parallel Poynting flux, the electric field Ex along wave vector ~k and the
∫
Ex · dl from

top to bottom. Since the Ex is along the wave vector, the integral
∫
Ex · dl represents

the ’electrostatic potential’ that could accelerate particles at a time scale short enough

compared with the propagation time of the wave. The blue vertical lines are associated

with peaks of Earthward field-aligned Poynting flux. The field-aligned Poynting flux is

mainly Earthward with the maximum amplitude ranging up to 0.4mW/m2s. The dom-

inant Poynting flux is carried by wave packets with temporal scale 10-20s as colored

blue in the figure. During this interval the wave phase velocity of the 10-30s wave is

about 500km/s. The spatial scale of these packages is therefore 5,000km-15,000km. The

in-situ magnetic field is about 40 nT. The ionospheric magnetic field is about 45,000

nT. Simple consideration of magnetic flux conservation B1L
2
1 = B2L

2
2 yields a mapping

factor of 30 for spatial scale and a mapping factor of 1,000 for total Poynting flux trans-

ported in a flux tube. The mapped Poynting flux is about 1000 ∗ 0.4mW/m2s and the

mapped spatial scale for these wave package is about 100-500 km in longitude. At the

same time, VIS observed auroral structures at the poleward edge with a longitudinal
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scale of about a few 100 km as presented on the left side of figure 4.1. The poleward

boundary of the auroral oval is presumably projects to the region where tail reconnec-

tion process occurs [62]. The arrow on the auroral image represents a surface wave-like

auroral form extending about 8 degree ( 800 km) in longitude. The mapped Poynting

flux is larger than the 1 − 10mW/m2s which on average is required for the electron

kinetic energy flux to produce aurora.

Figure 4.1: The comparison between the aurora image obtained from VIS Polar and the
observed wave structure in the magnetotail.
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4.3 Wave-particle interaction

The physics concerning the production and transport of high energy particles is always

interesting in space plasma and astrophysics. Magnetic reconnection is generally be-

lieved to be capable of accelerating particles to very high energy. In the study of the

August 17, 2003 event, high energy electrons (≥ 500keV ) are found in the Earthward

reconnection jet. It is a little surprising that the high energy electrons are not present

in the tailward reconnection jet. The reason for this asymmetry is under investigation.

Wave-particle interaction is a mechanism often invoked to explain energization of

high energy particles. The condition for a particle to be resonant with a wave is

ω − k||V|| = nΩ∗c , (4.1)

where ω is the wave frequency, k|| is the parallel wavenumber, V|| is the parallel velocity

of the particle, n could be 0,±1 ± 2 · · · and Ω∗c is the relativistic gyrofrequency of the

particle. The ω − k||V|| is the effective frequency of the wave as seen by the particles.

n = 0 corresponds to the Landau resonance. If the particle moves at a velocity close

to the phase velocity of the wave, i.e. ω − k||V|| = 0, the particle would experience a

static (zero-frequency) wave. The parallel electric field interacts with the particle in the

Landau resonance. The gyro resonance corresponds to the condition n = ±1,±2, · · ·.
In a gyro resonance the particle sees the perpendicular wave electric field at harmonic

frequencies of the gyro motion. Particles with the right phase relative to the wave elec-

tric field could gain energy and damp the wave.

To explore the wave-particle resonance experimentally, one needs to measure the

frequency and the parallel wavelength of the wave. In principle, it is not easy to deter-

mine the wavelength with a single spacecraft. Even the wave frequency in the plasma

rest frame is not easy to obtain since the frequency observed in the spacecraft frame

is Doppler shifted. Multi-spacecraft cross-spectral analysis can resolve the spatial and

temporal variance without ambiguity. Once the frequency and the wave length are ob-

tained, one could then determine from equation 4.1 the energy range of the particles

that could resonate with the observed waves. In the event studied in chapter 3, the

parallel wave phase velocity is about 2000 km/s, very close to the ion thermal speed.
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Thus we can infer that these waves are very likely to experience Landau damping and

transfer wave energy to the ion thermal energy locally. The electron thermal speed is

much higher than that of ions, electron Landau damping is not significant in this case.

The first gyro resonance for 500 keV electrons occurs at a parallel wavelength of about

1000km. Waves at these scales are inferred to be kinetic Alfvén waves as indicated

by the E/B spectrum. Alfvén waves are usually not considered to be effectively gyro-

resonant with electrons. In this case, the kinetic Alfvén wave can be gyro-resonant with

high energy electrons because of its small spatial scale.

4.4 Application of the cross-spectral analysis

4.4.1 Single spacecraft analysis

Wave polarization information is very important in mode identification. One method

to measure the polarization of a wave is to plot the hodogram. A Hodogram show a

trajectory in a two-dimensional plane. The x-axis and y-axis are two perpendicular

wave components. The position of the moving point (x, y) indicates the magnitude of

the two wave components. In the presence of a monochromatic wave, the hodogram

shows nicely either linear polarization or elliptic polarization.

In a real plasma, however, turbulence or noise often mix with the signals of interest.

Even at a single frequency or a very narrow frequency band, there could be wave com-

ponents of different origins with non-correlated phase. Sometimes, the power of noise

is comparable to or even larger than that of the signals wanted. Under these circum-

stances, the information in a hodogram is dominated by the noise or turbulence which

is not interesting. One important application of cross-spectral analysis is to obtain the

polarization information of waves from a single spacecraft measurement in a turbulent

or noisy environment.

The wave polarization is defined by the relative amplitude and phase of two perpen-

dicular wave components. There are usually three pairs of such perpendicular compo-

nents in a wave. From the discussion in section 3.3, we know that the relative phase and
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amplitude of two wave components can be directly obtained from the cross spectrum. If

we perform cross-spectral analysis to two wave components according to equation 3.2,

then the phase of Cij(ω) is the relative phase and the |Cij(ω)| indicates the magnitude

of the coherent components. The relative amplitude of two wave components can be

obtained by the ratio of the Fourier components. The ensemble average over subinter-

vals is the advantage of cross-spectral analysis in this case. The coherent relative phase

between wave components will remain. Non-coherent signals such as turbulence and

noise would be averaged out in computing the cross spectrum Cij(ω). As an example,

we present the relative phase of wave components in the MFAC coordinates system for

the interval (16:55:30UT-16:57:30UT) in the event studied by Cluster in chapter 3. The

figure 4.2 shows clear polarization information in the wavelength range kx ·ρi > 0.5. Two

wave components, By−MFAC and Ex−MFAC , are roughly in phase with each other. This

is consistent with the discussion that By−MFAC and Ex−MFAC are the Alfvénic mag-

netic field and electric field components as in section 3.5. Another interesting feature is

the 90 degrees phase difference between the transverse wave component By−MFAC and

the compressive wave component Bz−MFAC . The existence of Bz−MFAC indicates that

the waves are not simply (kinetic) Alfvén wave. The 90 degrees phase shift between the

transverse wave component and compressive component is an interesting feature to be

investigated in the next step.

4.4.2 Multi-spacecraft analysis

It is known that the four-point measurement is the minimum requirement needed to

determine the full three-dimensional spatial scale and temporal scale of the wave. How-

ever, the signals are not always correlated well among all spacecraft. Effectively, only a

two-point or three-point measurement is available. More often, the number of available

spacecrafts are less than four, unlike the Cluster spacecraft mission. In these cases, the

cross-spectral analysis from less spacecrafts still can provide some information of wave

propagation and scale size. The cross spectrum Cij(ω) can be calculated from any two

spacecraft. The amplitude of the cross spectrum is related to the coherence length in

the direction along two spacecraft i and j. The phase of the cross spectrum is related to

the phase velocity along the separation vector along two spacecraft i and j. One example
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Figure 4.2: The relative phase between the wave components in MFAC obtained by
cross-spectral analysis.



83

of such analysis is a Cluster study [91] that uses the cross-spectral analysis from C1,

C2 and C4 to obtain the perpendicular wave phase velocity and to constrain the per-

pendicular wavelength. In 2009, the Cluster spacecraft is adjusted so that two of four

spacecraft are located extremely close (10 km). Cross-spectral analysis between these

two Cluster spacecraft will be used to study small scale (10 km) structures and waves.

Two-spacecraft cross-spectral analysis can be applied to the future mission RBSP (The

Radiation Belt Storm Probes) as well.



Chapter 5

The Alfvén eigenmodes’ dynamics

of the Harris current sheet

1

5.1 Introduction

Section 5.2 is an introduction of the Harris current sheet model. The Harris current

sheet is an analytical model of a one-dimensional current sheet in equilibrium.

Section 5.3 is the analytical calculation of the linear Alfvén-eigenmode dynamics of

a Harris current sheet. We calculate an initial value problem in the similar spirit of Lan-

dau’s method [43, 89]. Assumptions are that the time scale is much larger than the ion

gyro period, that the parallel spatial scale is much larger than the ion gyroradius, and

that the perpendicular spatial scale is much larger than the electron scale. Calculation

shows that the dynamics of the Alfvén eigenmodes is interrelated with the global-scale

dynamics of the current sheet. We only present the straightforward calculation of the

Harris sheet dynamics but do not touch the controversial theoretical implication of this

analysis in the context of magnetic reconnection.

1 Most materials in section 5.3 are published in the Physical Review Letters,volume 102,issue 24,19
June 2009

84



85

Section 5.4 discusses the limitation and various subtle aspects of the Alfvén-eigenmode

dynamics of a current sheet.

5.2 The Harris current sheet

The concept of a current sheet is the basis for the study of magnetic reconnection. The

Harris current sheet [29] is the first analytical model of a one-dimensional current sheet

in equilibrium. Due to its analytical simplicity, the Harris sheet model is widely used

in the investigation of reconnection [10, 11, 69, 67, 68, 81, 78, 79]. In this section we

list the properties of the Harris current sheet model. The more detailed derivation of

the Harris sheet model can be found in references [29, 22].

Figure 5.1 presents the properties of a Harris current sheet. In a Harris current sheet,

the plasma pressure gradient balance the ~Js×B force for each species in a self-consistent

way. The total pressure, magnetic pressure plus the plasma pressure, is constant across

the current sheet. The plasma density for each species is ns = n0sech2(x/a). The back-

ground magnetic field is Bz = Bo tanh(−x/a), where Bo is the asymptotic magnetic

field in the infinity. The background current Jyo is supported by the ion and electron

diamagnetic drifts with velocity uso = 2cTs/qsBoa. Ions drift in the +y and electrons

drift in the −y.

5.3 The Alfvén-eigenmode dynamics of a Harris current

sheet

The analysis of the Alfvén eigenmode of a current sheet is in the framework of a two-fluid

initial value problem. We linearize the two-fluid equation and solve these differential

equation to find the evolution of the current. The set of collisionless two-fluid equations

is

c∇×B = 4π(Ji + Je), (5.1)
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Figure 5.1: The properties of the Harris current sheet
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c∇×E = −∂tB, (5.2)

∂t(nsqs) +∇ · Js = 0, (5.3)

msns∂tus +msns(us · ∇)us = nsqs(E +
us

c
×B)−∇nsTs, (5.4)

where the subscript s represents the particle species. Ions and electrons have been

assumed isotropic and isothermal. We also assume a quasi neutral plasma, ni ≈ ne.

The coordinate system is depicted in Fig. 5.1, with x along the normal of the cur-

rent sheet, z parallel to the background magnetic field, and y aligned with the back-

ground current. ∂y = 0 is assumed. Initially the current sheet is set as a Harris sheet

[29] with background plasma density ns = n0sech2(x/a), background magnetic field

Bz = Bo tanh(−x/a) and the background current Jyo supported by the ion and electron

diamagnetic drifts with velocity uso = 2cTs/qsBoa. Now we solve the linearized two-

fluid equations. The time derivatives of the x component of (5.4), in which ∂t(nsqs) is

eliminated using (5.3) and ∂tusy is eliminated using the y component of (5.4), are

∂tEx = 4π
v2
A

c2
[Jix − ρ2

i (∂xxJix + ∂xzJiz) + ω−2
i ∂ttJix

+
uio
ωi

(∂xJix + ∂zJiz)− niqi
Eyc

Bz
] + uio∂xEy, (5.5)

Jex = neqe
Eyc

Bz
+
mec

2∂tEx
mi4πv2

A

+ ρ2
e∂xzJez −

ueo
ωe
∂zJez, (5.6)

where v2
A = B2

z/4πnimi is the local Alfvén speed, ωs = qsBz/msc is the local gyrofre-

quency of species s, and ρs =
√
Ts/msω2

s is the local gyroradius of species s. In (5.6) we

have assumed ρe∂x � 1 and ω−1
e ∂t � 1. At the current sheet center where electrons are

unmagnetized, the above assumption is ambiguous and the electron pressure anisotropy

may become relevant [95, 31]. In the z component of the electron momentum equation,

the pressure gradient dominates the inertia effect in high β plasmas [49, 88]. More

accurately, this approximation requires the parallel phase velocity to much smaller than

the electron thermal speed, which is shown to be true later. Taking time derivative of

this equation yields

∂tEz = −(∂zzJez + ∂zxJex)Te/(neq2
e) + ueo∂zEy. (5.7)
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Eliminating −qiniuioBx/c−∂zniTi in the z component of ion momentum equation yields

mini∂tuiz = qiniEz(1 + Ti/Te) (5.8)

Substitute (5.1), (5.5), and (5.7) into time derivative of the y component of (5.2).

Rescaling x/a → x and Fourier transforming the achieved equation in z and t (∂t ∼
−iω, ∂z ∼ ikz) gives

∂x

(
∂xB̃y

sech2 x

)
+
(

ω2

k2
zV

2
A

− tanh2 x

sech2 x

)
a2B̃y

ρ2
io + ρ2

ao

=
S̃

k2
z

, (5.9)

where VA = Bo/
√

4πnomi is the characteristic Alfvén speed, Ωi = qiBo/mic, ρio =√
Ti/miΩ2

i , ρao =
√
Te/miΩ2

i and S̃(x, ω, kz) is the Fourier transform of

S =
4π
c

(
2noqic
Bo

∂zxEy − noqia∂zzxuiz + ∂zx
∂xJex

sech2x
− mia

2

Ti + Te
∂ttzJex

)
. (5.10)

In the equation (5.9) we have neglected ω2/(Ω2
i sech2x) compared with (ω2/k2

zV
2
A −

tanh2 x/sech2x) in coefficients of B̃y assuming that By is of low frequency (ω2/Ω2
i � 1)

and long parallel wavelength (k2
zV

2
A/Ω

2
i � 1) as indicated by multi-spacecraft measure-

ments [99, 94]. We also neglect terms on order of O(me/mi) in (5.9). In obtaining

equation 5.10, we pull the terms Ey, Jex and uiz to the right hand side of equation

and make them as “source terms” in a inhomogeneous equation. The heuristic reason

behind this is the requirement to recover the Kinetic Alfvén wave dynamics in a ho-

mogeneous plasma. The terms Ey, Jex and uiz are not involved in the (Kinetic) Alfvén

wave dynamics in a homogeneous plasma. As we have discussed in the section 1.4, the

Ey is decoupled from a (kinetic) Alfvén wave, ion current dominates the perpendicular

dynamics and electron current dominates the parallel dynamics in a (kinetic) Alfvén

wave. If we neglect the source terms, the (kinetic) Alfvén wave dynamics is recovered.

Setting B̃y = ψsechx we turn (5.9) into

∂xxψ + [λ− 1− (R2 + λ) tanh2 x]ψ = S̃sechx/k2
z , (5.11)

where λ =
ω2R2

k2
zV

2
A

, R =
a√

ρ2
io + ρ2

ao

.
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(5.11) is an inhomogeneous Sturm-Liouville equation. λ is an unspecified parameter.

The weight function is sech2x.

The homogeneous form of (5.11) is a time-independent Schrodinger equation with

corresponding total energy E = λ − 1 and a potential well V tanh2 x, V = R2 + λ.

Only bound state solutions exist since E < V . The allowed energy levels (see Ref.[52],

p.1653) E = V − [
√
V + 1

4 − (n+ 1)]2 yield eigenvalues of λ

λn = (n+ 1)n+ (1 + 2n)
√
R2 + 1 + 1. (5.12)

The eigenfunctions are

ψn(x) =
F (−n, 2

√
V (λn) + 1

4 − n, |bn + 1|, 1
e2x+1

)

(ex + e−x)bn
, (5.13)

where F is the hypergeometric function, bn =
√
V (λn)− E(λn) =

√
R2 + 1. Eigenfunc-

tions are real and the first two are

ψ0(x) = (e−x + ex)−
√
R2+1, (5.14)

ψ1(x) = (e−x + ex)−
√
R2+1(e2x − 1)/(e2x + 1). (5.15)

The eigenmode is Alfvénic as indicated by its phase velocity λ introduced in (5.11).

In a pure n=1 mode By ∼ ψ1(x)sechx and Ex ∼ (VAR/c
√
λ1) sinh2 x[1 − (ρ2

i /a
2)∂xx +

(uio/ωi)∂x]By. The ratio Ex/By is roughly on the order of Alfvén speed VA. The Harris

sheet confines the Alfvén eigenmode in the same way a tanh2(x) potential well confines

a quantum mechanical wave. From the perspective of mode conversion theory [89], the

Kinetic Alfvén Wave (KAW) provides a useful insight to the eigenmode solution. The

KAW dispersion relation[49, 88] is

ω2/(k2
zv

2
A) = 1 + k2

x(ρ2
i + ρ2

a). (5.16)

We can heuristically achieve a similar Schrodinger equation with tanh2 potential by

replacing kx with −i∂x in the KAW dispersion relation and employing the x dependence

of v2
A, ρ

2
i and ρ2

a from the Harris sheet.
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With the eigenmode solutions we proceed to calculate B̃y from equation (5.11) as

B̃y = sechx
∫ ∞
−∞

G(x|xo;ω, kz)sechxo
S̃(xo, ω, kz)

k2
z

dxo. (5.17)

where the Green’s function G is an infinite series of eigenfunctions

G =
∑
n

ψ∗n(xo)ψn(x)/[(λ− λn)Φ2
n]. (5.18)

Φ2
n =

∫∞
−∞ ψn(x)ψ∗n(x)sech2 xdx is the normalization constant (see Ref.[52],chapter

7). Let ω = ωr + iη, η → 0+, s = ω/i. s is the Laplace transform variable. We replace

the Fourier transform in time with a Laplace transform and treat (5.17) as an initial

value problem. For simplicity the initial condition is set as By|t=0 = 0, ∂tBy|t=0 = 0.

The Laplace and Fourier inversion of (5.17) is

By =
∑
n

ψn(x)sechx
∫ ∞
−∞

∫ ∞
−∞

∫ t

0

−VAψ∗n(xo)sechxo
2Φ2

n

√
λnR

×H[(t− to)VA
√
λnR

−1 − |z − zo|]S(xo, to, zo)dtodzodxo, (5.19)

where H is the unit step function. By is in the form of superposition of eigenmodes

propagating in ±z. The phase velocity of the nth mode is VA
√
λnR

−1. The sources

uiz, Jex and Ey determine the term S and thus By. Terms Jix, Jez, Ex and Ez, grouped

with By as parts of the Alfvén eigenmode, can be calculated from the sources using

equations (5.1), (5.2), (5.5) and (5.7). The other half of the formulation is the response

of the sources to the Alfvén eigenmode. The field-aligned ion jet uiz is calculated from

(5.8); Jex is calculated from (5.6); Ey, the tangential electric field, is calculated from

∂xxẼy − k2
za

2Ẽy = (4πa2/c2)∂tJ̃y, (5.20)

∂tJ̃y =
c2

4πa2
∂x

(
sech2x
tanhx

Ẽy

)
+
c2sech2x

4πδ2
io

Ẽy + S̃E , (5.21)

where (5.20) and (5.21) are Fourier transformed in z, δio =
√
c2mi/(4πq2

i no), and

S̃E = uioikzJ̃ez − ωeρ
2
eikz∂xJ̃ez − ωiJ̃ix + (ωic2/4πv2

A)∂tẼx. (5.21) is the sum of the

y component of (5.4) multiplied by qs/ms. In obtaining (5.21) we eliminate Jex using

(5.6), set ni = ne and eliminate ∂t(neqe) using (5.3). Setting Ẽy = ϕ
√

tanhx and

inserting (5.21) into (5.20) yield

∂xxϕ+ [−k2
za

2 + V (x)]ϕ = (4πa2/c2)S̃E/
√

tanhx, (5.22)
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where V (x) = [2 cosh(2x) − 1]csch2(2x) − a2sech2 x/δ2
io. V (x) is roughly approxi-

mated as 1/(4x2). Equation (5.22) is an inhomogeneous Sturm-Liouville equation.

Two independent solutions to its homogeneous form are ϕ1 =
√
xH

(1)
0 (−ikzax) and

ϕ2 =
√
xH

(2)
0 (−ikzax) if kz > 0, and ϕ1 =

√
xH

(2)
0 (−ikzax) and ϕ2 =

√
xH

(1)
0 (−ikzax)

if kz < 0. H(1)
0 and H

(2)
0 are Hankel functions of first and second kind. We select ϕ1

and ϕ2 to ensure a real Ey, Ẽy(−kz) = Ẽy(kz). ϕ1|x→−∞ = 0 and ϕ2|x→∞ = 0 satisfy

the left and right boundary conditions, respectively. The Green’s function of (5.22) (see

Ref.[52], chapter 7) is

g(x|xo; kz) = −ϕ1(x<)ϕ2(x>)/∆(ϕ1, ϕ2), (5.23)

where x<(x>) is the smaller (larger) of x and xo. ∆(ϕ1, ϕ2) = ∓4i/π is the Wronskian

of ϕ1 and ϕ2. Using Green’s function, we calculate Ẽy as the response to the Alfvén

eigenmode

Ẽy =
√

tanhx
∫ ∞
−∞

g(x|xo; kz)
−(4πa2/c2)√

tanhxo
S̃Edxo. (5.24)

Once we obtain Ey by Fourier inversion in z, we calculate Bx, B
′
z and Jy through (5.1)

and (5.2).

The above is the formulation of Alfvén eigenmodes dynamics of a Harris current

sheet. This formulation can describe the first-order variation of a Harris current sheet

under the assumptions that the time scale is much larger than the ion gyro period, that

the parallel spatial scale is much larger than the ion gyroradius, and that the perpendic-

ular spatial scale is much larger than the electron gyroradius. The mathematical idea

is to have two sets of dynamic variables coupled together. One set of variables is the

Alfvén eigenmode. The other set is the ’source’. Once we know one set of variables, the

other set of variables can be written down as the close-form solution.

The physical meaning of the linear Alfvén-eigenmode dynamics has two reciprocal

parts: The sources (Ey, Jex, and uiz) generate Alfvén eigenmodes propagating outward

in ±z; Meanwhile the Alfvén eigenmodes excite the sources at the expense of the wave

energy. The first part is represented by equation (5.19) and the second part is rep-

resented by equations (5.24) and (5.8). Depending on the eigenmodes’ total energy,
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Alfvén eigenmodes are generated and annihilated during the coupling. The generation

refers to those moments when the total wave energy increases in the coupling. The

word annihilation refers to those moments when the source terms (the ion jets and the

tangential electric field) get energy and the amplitude of the eigenmode decreases. The

eigenmodes-sources coupling evolves self-consistently following an initial perturbation.

The following is an example of the calculation using the formulation of Alfvén eigen-

modes dynamics. To simplify the calculation, we present a driving scenario with an

externally-fixed tangential component of the electric field, Ey = |Eo| exp[−(x2 + z2)/l2],

where l can be as large as the global scale. This curl of Ey is associated with the

decrease of the system’s magnetic field energy and the change of magnetic configu-

ration of the current sheet. This externally fixed Ey can be obtained by applied an

external time-varying Jy according to the equation 5.20. In this external driving sce-

nario, the external driving term Jy will appear on the right hand side of equation

5.24 to make Ey self-consistent. We assume that the ion jet term are not significant

(uiz ≈ 0) at this stage. We also assume that electrons approximately E × B drift in

x (Jex ≈ neqeEyc/Bz) and avoid any evaluation around x = 0 because the E cross

B drift blows up at the x = 0. Physically, this is because the electron gyroradius

scale physics is neglected in the above approximation. Mathematically, this singular-

ity goes back to the equation 5.6. Applying this Ey in the source term S, S (5.10) is

found to be quadrupole, sign(S) = −sign(xz). Evaluation of (5.19) shows that the

n=1 mode dominates and sign(By) = −sign(S). The contribution from n=1 mode is

By = Cψ1(x)sechx∂z exp[−(z/l)2]t2, where sign(ψ1(x)) = sign(x) and C is a negative

constant. The obtained By is a quadrupole field in the current sheet. The current

Jx ≈ Jix, like the perpendicular current in a KAW, is mainly a modified ion polar-

ization current and associated with the increasing of inward normal Ex in the region

z/l < 1. The normal Ex points outward in the region |z/l| > 1. Electrons move along

the magnetic field to track drift ions and keep quasi-neutral, producing the consistent

parallel current Jz, Jz ≈ Jez. In the parallel direction force balance is approximately

true for electrons, neqeEz ≈ neqeueoBx/c + ∂zneTe. The contribution to JzEz from

neqeueoBx/c almost cancels out in integrating over x. The density gradient in z created

by the drift ions is inward at inner current sheet and outward on the outer periphery,
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relating a total JzEz > 0. JxEx > 0 and JzEz > 0 indicate that the eigenmode stored

the converted magnetic energy in the form of increasing wave energy. The time scale of

this phase is the ion polarization drift time, equal to the time of establishing the normal

Ex. According to (5.8) ion experiences an total outward force qiniEz(1 + Ti/Te) in the

inner current sheet. Therefore, the ion bulk flow get effectively energized by the Alfvén-

eigenmode via the presence of Ez. The outward ion jet picks up energy qiEzl ≈ qiExa.

The system may transit to the eigenmode-annihilation phase when ion acceleration be-

comes dominant. In that case, the ion jets’ term may dominate S. JxEx < 0 and

JzEz < 0 indicate a decrease in the wave energy transfered to the accelerated ion jets

and the excitation of secondary Ey. In a spontaneously-induced dynamics, the excited

Ẽy behaves as Ã(kz)
√

tanhxϕ2 ∼ Ã(kz) exp(− |kz|x) in the region x/a � 1 according

to (5.24). The curl of this tangential electric field is directly associated with the change

of the magnetic field Bz and Bx according to the Maxwell equation.

In the above example, we show the presence of energy conversion and changes of the

magnetic configuration of a current sheet in the Alfvén-eigenmode dynamics. The mag-

netic energy of the system is first converted into the energy of the eigenmode. Through

eigenmode-source coupling, the wave energy is then converted into the ion bulk flow en-

ergy Uiz via the existence of Ez. The change in the magnetic configuration is reflected

in the change of all three components of the magnetic field, especially the normal com-

ponent Bx.

There are other properties of Alfvén eigenmodes explicitly indicated by the equation

(5.19). If source term S is an odd function of x, then all even modes will be eliminated.

The amplitude factor 1/(
√
λnR) indicates that Alfvén eigenmodes are created easier in

thinner current sheet and that the n=1 mode dominates. The step function H suggests

that the dynamic process can extend in ±z at the velocity VA
√
λ1/R in this eigenmodes-

sources coupling formulation. A local change can be communicated with the rest of the

system over the dynamical timescale LRV −1
A λ

−1/2
1 . L is the system scale. The dynam-

ical timescale is often related to the time taken for a system to respond to a change

and move to another equilibrium state. The evolution of fields of Alfvén eigemode is

interrelated with the source term that contains the information of Ey over a global scale.
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5.4 Discussions on the Alfvén eigenmode dynamics

• What are the limitations of the Alfvén eigenmode calculation?

The electron gyroradius scale physics is not touched in the Alfvén eigenmode dy-

namics. This is clear when we made the assumption ρe∂x � 1 and ω−1
e ∂t � 1. in

the equation (5.6). However, the issue of electron scale physics near the current

sheet center x = 0 is still inevitable when we try to evaluate the electron current

Jex around x = 0 in the source term of the equation 5.19. This is because we

simply assume an E cross B drift for the electrons. The singularity of the Jex
around x = 0 in the calculation has to be resolved by a full understanding of

electron physics near the center (x = 0) of the current sheet. In this sense, the

Alfvén-eigenmode dynamics is not self-contained. The research to patch up this

limitation, i.e. to incorporate the electron scale physics as a boundary condition

around x = 0, is on the to-do list.

For simplicity, the isothermal assumption is made for both ions and electrons.

Isothermal electrons is an appropriate approximation since ω/kzveth � 1 [89]. For

a fluid element of length 1/k||, the electron heat perturbation undergoes strong

diffusion along the magnetic field line so that the electron temperature remains

approximately the same at the time scale of ω−1. Isothermal assumption is less

appropriate for the ions. The propagation velocity of Alfvén eigenmode may be

comparable to the thermal speed of ions. In the presence of the parallel elec-

tric field of the Alfvén-eigenmode, Landau damping for ions might be significant.

However, the ion may experience different parallel electric field during one orbit

in a current sheet, unlike the case in a homogeneous plasma. The ion Landau

damping is complicated in this case. In the calculation we also make the isotropic

assumption, which needs more justification from measurements.

Like many analysis of the current sheet instability, the Alfvén eigenmode approach
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is the linear treatment. Nonlinear physics are absent in the Alfvén-eigenmode dy-

namics. However, we do notice an interesting feature of the Alfvén-eigenmode.

Even in the linear treatment, the amplitude of the mode could grow, saturate or

decay, which reflect the energy flow into or out of the eigenmode.

• What is the difference between this approach and the linear instability of a current

sheet, e.g. the tearing mode?

First, most instability analysis are done in the Fourier space (ω,~k) with the pur-

pose of obtaining a growth rate of one mode in the growing phase. The goal of

our theory is to calculate a self-consistent evolution. The evolution could con-

tain the growth phase, the saturation phase and the decay phase of a process.

To present dynamics in configuration space, we applied Fourier inversion and

Laplace inversion, which are rarely seen in the treatment of instabilities (tearing,

kink, lower-hybrid, etc). Numerical simulations of current instabilities can track

the evolution of a system. The analytical calculation in this work is done in an

infinite 2D domain. The boundary condition is the free space boundary condition

and different from that in simulations.

More specifically speaking, tearing mode dynamics do not include the field-aligned

current, the magnetic field variation in Y and the normal electric field in x

[23, 17, 32, 19]. One has to rely on the Alfvén wave dynamics to couple these

currents system, electric and magnetic fields to a tearing mode [92]. There is no

overlap between the Alfvén eigenmode (less than the ion gyrofrequency) and lower-

hybrid mode (much higher than the ion gyrofrequency) in the frequency range.

The drift kink mode has a wave vector different from that of the Alfvén eigenmode.

• ’frozen-in’ condition

One interesting question is whether the two-fluid dynamics of Alfvén-eigenmode

breaks the ’frozen-in’ condition in a current sheet. In the literature, one definition

of the term ”frozen-in condition” is the equation E =-U/c X B, where U could be

the velocity of either the entire plasma or a single species. Notice that this exact
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convention of ”frozen-in condition” is commonly used in the practice of experiment

research [54, 65, 73]. Within this definition of ”frozen-in condition”, it is a math-

ematical fact that the existence of a parallel electric field violates the ”frozen-in”

equation for either ions or electrons, i.e., a first order nonzero ~E · ~B mathemati-

cally violates ~E = −~U/c× ~B. A more sophisticated definition of ’frozen-in’ refers

to the conservation of total magnetic flux linked by any closed material line (see

page 57, reference [9]). Within this context, the Alfvén-eigenmode dynamics still

satisfies the criterion of breaking ”frozen-in condition”. The electron inertia term

mene∂tue is neglected in the parallel direction (z) with justified assumptions. In

the direction perpendicular to the background magnetic field, i.e., y and x, the

electron inertia term is kept in the momentum equation. More specifically, the y

component of the mene∂tue is generally non zero in a dynamical current sheet.

Although we did not resolve the electron gyroradius-scale physics, the electron in-

ertia affects the total system dynamics as represented in the equation 5.6. When

the E and its curl are computed from the generalized Ohm’s law, the mene∂tue

contributes to the ’frozen-in’ breaking.

• What is the boundary condition of this calculation?

The calculation is done on an infinite two-dimensional plane. Fourier transform

over the entire 2D space naturally sets up a free space boundary condition. The

perturbed fields and currents approach zero at infinity. The perturbed current

and fields are the superposition of Fourier components and are localized in con-

figuration space. As a result, the change in all three components of magnetic field

is not periodic but localized in field-aligned direction z.



Chapter 6

Conclusion

Tracing the energy flow has always been an elegant theme that guides the exploration

and organization of physics in the space plasma. This thesis follows this theme and

focuses its attention on exploring the physics of energy release, energy transfer and

energy transport in the geomagnetic tail and in particular the magnetotail reconnec-

tion which is believed to releases a huge amount of reserved tail magnetic energy that

plays a decisive role in the dynamics of the entire magnetosphere during a substorm.

A multi-spacecraft analysis of waves in the magnetotail reconnection jets is presented.

The observational study covers in the Fourier spectrum the spatial scale ranging from

one ion gyroradius to MHD global scale and over the temporal scale ranging from one

ion gyro-period to many gyro-periods. The results contribute to a better understanding

of energy flow in the geomagnetic tail and in the magnetotail reconnection.

The first part of the thesis is an experimental study of the surface waves in the

outflowing jets of magnetotail reconnection. The outflowing ion jets are results of mag-

netic energy conversion in reconnection. Using the Cluster spacecraft measurements,

we find a continuous spectrum of low frequency (from much less than to comparable to

the ion gyro-frequency ) and large scale (from MHD scale to the ion gyroradius) surface

wave “straddling” the plane of the plasma sheet boundary (xy-gse plane). The surface

wave is partially or entirely convected by local reconnection ion jets in the boundary

plane (xy-gse) but is phase standing in the flow normal to this boundary plane. At

small scales comparable to the ion gyroradius, E/B indicates that dispersive Alfvén

97
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waves are excited. Evidence supports the hypothesis that the surface wave is a Kelvin

Helmholtz type instability driven by the free energy source in the inhomogeneity in the

perpendicular component of the ion jet velocity. The small scale dispersive Alfvén wave

could be powered by energy cascading from larger scale. These results demonstrated the

complexity of the possible energy channels and their interrelation in a real magnetotail

reconnection.

For the first time, the spatial scale (wavelength) spectrum of a Poynting flux is pre-

sented. This allows a direct comparison of the field-aligned Alfvénic Poynting flux with

the aurora emission at various scales. The mapped Poynting flux at lower altitudes (100

km)is several times the value of energy flux necessary for the acceleration of intense au-

roral electron beams. The scale sizes of the waves, which vary between several thousand

and several hundred kilometers in the tail at 17 Re, are consistent with the 10-100 km

range of scale sizes of auroral forms propagating across the night sky. This consistency

suggests that the observed waves and their motions in the geomagnetic tail are an im-

portant boundary condition in determining both the energization and the motion of the

aurora forms in the night side.

The Alfvén eigenmode of a Harris current sheet is investigated theoretically. The

linear dynamics of a Harris current sheet is analytically described as the coupling be-

tween Alfvén eigenmodes and the sources (Ey, Jex, and uiz, see the meanings in chapter

5). Although the Alfvén eigenmodes are confined by the current layer, their dynamics

is interrelated with the global information of the source. The sources generate Alfvén

eigenmodes and meanwhile the Alfvén eigenmodes excite the sources at the expense of

the wave energy. Indicated by their amplitude, the Alfvén eigenmodes are generated

and annihilated. During this coupling, magnetic energy can be converted into plasma

energy and the first-order magnetic configuration of the current sheet alters. The fun-

damental modes (small n) are mostly likely to be the dominant modes. We obtain

the eigenvalues of propagation velocity of each mode and the propagation timescale

of the Alfvén eigenmode in a current sheet. Over the propagation timescale, i.e., the

dynamic timescale, a local perturbation communicates with the rest of the current sheet.
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