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Abstract

It is believed Alfvén waves, and particularly kinetic Alfvén waves (KAWs), play an im-

portant role in the coupling between the solar wind and the magnetosphere. Although KAWs

have been observed in the magnetotail and ionosphere, their generation mechanisms and global

transport properties are still unclear. A global process with interconnection among various re-

gions of the magnetosphere, driven self-consistently by the solar wind, is poorly understood

because of the limitations of local codes. We use the 3-D global hybrid code, i.e., Auburn

Global Hybrid Code in 3-D (ANGIE3D) to reveal the global structure of KAWs from the mag-

netotail to the ionosphere for the first time.

Our results show that KAWs are generated in magnetic reconnection in the plasma sheet,

located around fast flows, and carrying transverse electromagnetic perturbations, parallel Poynt-

ing fluxes, parallel currents, and parallel electric field. Overall, shear Alfvénic turbulent spec-

trum is found in the plasma sheet. The KAWs are shear Alfvén waves possessing short per-

pendicular wavelength with k⊥ρi ∼ 1, where k⊥ is the perpendicular wave number and ρi the

ion Larmor radius. The KAWs are identified by their dispersion relation and polarizations.

The structures of these KAWs embedded in the plasma sheet are also revealed by placing a

virtual satellite in the tail. In order to understand whether the Poynting fluxes carried by the

shear Alfvén waves/KAWs in the plasma sheet can be carried directly along field lines to the

ionosphere, we have tracked the wave propagation from the plasma sheet to the ionosphere. It

is found that in front of the flow braking region, the structure and strength of the shear Alfvén

waves are significantly altered due to interaction with the dipole-like field, mainly by the flow

shear associated with the azimuthal convection. Also in front of the dipole-like field region, ion

kinetic effects (Hall effects) lead to the generation of additional pairs of KAWs. As such, the

generation and transport of the shear Alfvén waves/KAWs to the ionosphere are illustrated for

the first time in a comprehensive manner on the global scale.
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We also make a comparison between our simulation results with the observation results

from THEMIS and DMSP. The wave structure during a substorm are investigated in the sim-

ulation. Our hybrid simulation results are consistent with THEMIS P3(D) observations. Ki-

netic Alfvén waves are observed by THEMIS in the plasma sheet, and the corresponding shear

Alfvénic signatures are observed by DMSP. The shear Alfvén events observed by DMSP are

found to be mapped to various locations in the plasma sheet from x = −25 RE (consistent

with magnetic reconnection region in our simulation) to x = −9 RE (consistent with the flow-

braking region in our simulation).

Besides, the ions are seen accelerated and trapped by KAWs associated with magnetic re-

connection and flow braking. Ions are also accelerated when crossing the low-latitude boundary

layer. Ion velocity distributions in front of the dipolarization are investigated. The parallel ion

heating is likely as a result of the parallel electric field carried by KAWs and reflected KAWs

at the inner boundary. The two beams merge due to the tailward ion beam encounters the

dipolarization and is reflected earthward by the earthward propagating dipolarization. Even-

tually, parallel energy are transfered to perpendicular energy at the flow-braking region. ons

acceleration are discussed.
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Chapter 1

Introduction

The topic of this thesis is to study the generation, dynamics, and global structure of kinetic

Alfvén waves (KAWs) from the magnetotail to the ionosphere associated with magnetic recon-

nection and fast flows. The method we use is Auburn Global Hybrid Code in 3-D (ANGIE3D).

The purpose of this chapter is to give readers essential background knowledge. We will review

the magnetosphere and magnetic reconnection in Section 1.1 and Section 1.2, respectively. The

substorm and fast flows are introduced in Section 1.3. The last part of this chapter gives the

introduction to KAWs in Section 1.4 followed by the motivation in Section 1.5.

1.1 An Introduction to the Earth’s Magnetosphere

A magnetosphere is an area of space surrounding a planet dominated by the planet’s magnetic

field. The shape of the Earth’s magnetosphere is a nose-like region as shown in Figure 1.1. The

solar wind is a stream of charged particles consisting of protons, electrons and alpha particles

released from the Sun. Interplanetary magnetic field (IMF) is a part of the Sun’s magnetic field

embedded in the solar wind. The IMF travels outward in a spiral pattern due to the rotation

of the sun (see Figure 1.2) [99]. The x and y component of IMF are oriented parallel to the

ecliptic. The third component (Bz) is perpendicular to the ecliptic and is created by waves and

other disturbances in the solar wind.

Since the solar wind is both supersonic and super-Alfvénic, the bow shock forms at around

a geocentric distance of 13RE when it encounters the obstacle of the Earth’s magnetic field to

its flow. The magnetosheath is a zone formed by the shocked solar wind with a width of

2 − 4RE . Particles escaping from the magnetosphere are also found in this region. Within the

magnetosheath, the magnetic field is turbulent and distorted. The particle density and magnetic
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field strength vary much at different locations in the magnetosheath. The density typically

decreases from the bow shock to the magnetopause. The magnetopause is a sharp boundary

between a planet’s magnetic field and solar wind. The magnetopause is located where the

pressure of the dynamic planetary magnetic field and the dynamic pressure of the solar wind

come into balance.

The Earth’s magnetosphere is formed by the interaction of solar wind and the Earth’s

magnetic field. The dayside magnetosphere is compressed and extends out to a distance of

approximately 10 Earth radii (RE) while the nightside magnetosphere (magnetotail) is stretched

up to at least a few hundreds of the Earth’s radii.

Figure 1.1: Schematic illustration of Earths magnetosphere, illustrating major distinct regions
and electric current systems. Adapted from Pollock et al. [107].
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Figure 1.2: Schematic illustration of IMF. Adapted from Narita et al. [99].

1.1.1 Magnetotail

Magnetotail is the elongated region of the magnetosphere of a planet that extends in the di-

rection away from the sun. It contains two lobes, referred to as the northern and southern tail

lobes, plasma sheet boundary layer (PSBL) and plasma sheet. Particle number density (below

a few hundreds of eV) and temperature (below 0.1/cm3) are very low in lobes. Magnetic field

lines in the northern tail lobe point towards the planet while those in the southern tail lobe point

anti-sunward. The two lobes are separated by plasma sheet with a typical thickness of 3−7RE .

The boundary between the plasma sheet and the lobes are called PSBL. Since magnetic field

has opposite direction on the two side of the center of plasma sheet, plasma sheet can also be

considered as current sheet(cross-tail current) [100]. Opposite to those in lobes, magnetic field

is weaker while particle number density and temperature are higher in the plasma sheet. Typi-

cally, the particle number density is 0.1 − 1/cm3 and temperature is a few keV. Plasma sheet

and PSBL is the region where electromagnetic energy are stored.

1.1.2 Inner Magnetosphere

The inner magnetosphere is characterized by the dominance of dipolar Earth’s magnetic field

and closed drift paths of charged particles. The trapped particles result in the formation of
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unique particle environment, namely the plasmasphere, the ring current, and the radiation belts.

The plasmasphere is a torus of cold (∼ 1eV ), dense (10 − 103/cm3) plasma trapped on field

lines in the co-rotation region of the inner magnetosphere. Radiation belts comprise energetic

charged particles trapped by the planets magnetic field (from keV to MeV ). The three regions

are overlapped. The incoming energy from the outer magnetosphere and the ionosphere in the

forms of particles and electromagnetic fields makes the inner magnetosphere very dynamic.

As plasma convects from magnetotail towards Earth, gradient drift causes electrons to drift

eastward while protons are drifted westward. The result is the formation of ring current. The

ring current is one of the major current systems in the Earth’s magnetosphere. It circles the

Earth clockwise around the Earth (when viewed from the north) in the equatorial plane and is

generated by the longitudinal drift of energetic (10−200keV ) charged particles trapped on field

lines between L ∼ 2 and 7. The L value is the radial location, in RE , of field line’s intersection

with magnetic equator. During a geomagnetic storm, the number of particles in the ring current

and the value of current will increase dramatically. Thus, Dst (disturbance storm time) index ,

a measure of magnetic field induced at equator of Earth by ring current, is used to assess the

severity of magnetic storms. For example, the storm reached maximum intensity and the Dst

index had dropped to −312nT on February 9 in Figure 1.3 [52].

1.1.3 Current System in the Magnetosphere

The transport of charge, mass, momentum, and energy is highly related to the current system in

the magnetosphere. The study of current system is vital to understand the geomagnetic activity.

The current system in the magnetosphere is very complex because of time-varying nature of

geospaces. Currents are associated with the magnetic field topology through Amperes law.

Earth’s magnetosphere contains many regions with perturbed magnetic field as described in

the introduction to the magnetosphere. Therefore, a lot of current system is generated in the

magnetosphere. Figure 1.1 shows the main current system in the magnetosphere [107]. The

typical current system includes Chapman-Ferraro magnetopause currents, cross-tail currents,

ring currents and field-aligned currents (FAC).
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Figure 1.3: Preliminary hourly Dst value during the great geomagnetic storm of February 1986.
Adopted from Hamilton et al. [52].

The Chapman-Ferraro magnetopause currents with a thickness of several hundred kilo-

meters flow around the cusps (from dawn to dusk across the equatorial magnetopause and

from dusk to dawn across the high-latitude magnetopause tailward of the cusp) as illustrated

in Figure 1.4 [42]. The cause of the magnetopause currents is explained by the trajectories of

magnetosheath ions and electrons and their interaction with the geomagnetic field [70]. The

particles come back to the magnetosheath after only a half of gyration since the dipole mag-

netic field has a larger strength. Considering the different dirction of the gyration of ions and

electrons, the current is formed in the magnetopause.

Cross-tail currents are formed because of the opposite direction of the magnetic fields

in the two lobes. The currents are from dawn to dusk and are closed via the magnetopause

currents. Magnetic reconnection or instabilities in the cross-tail current lead to the substorm.

The ions drift westward while electrons drift eastward in the inner magnetosphere. Thus,

ring currents are formed flowing clockwise from the view of the north hemisphere.

Field-line currents, also called Birkeland currents, are divided into two parts i.e. Region 1

currents and Region 2 currents. Both of them are connected to the ionosphere and ultimately
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Figure 1.4: Schematic of The Chapman-Ferraro magnetopause currents. Adapted from
Ganushkina et al. [42].

driven by reconnection on the dayside and the nightside. That’s why they plan an important

role in the coupling of the ionosphere and the magnetosphere. Figure 1.5 shows the two cur-

rents [28]. Region 1 currents and magnetopause and magnetotail currents form a closure while

Region 2 currents and the partial ring current on the nightside of the Earth in the inner mag-

netosphere form another closure [27, 25, 28]. Region 1 currents flow in the ionosphere on the

dawn side and flow out of the ionosphere on the dusk side as opposed to Region 2 current. The

two currents are connected with each other via ionospheric Pedersen currents. The region 1

currents are thought to ow in part within the boundary between the open and closed field lines

[25].

The currents shown above are the typical currents in the magnetosphere. Some different

current system, for example, banana current [43], is also found in the magnetosphere.

1.2 An Introduction to Magnetic Reconnection

Magnetic reconnection is a fundamental mechanism of abrupt energy conversion from mag-

netic energy to plasma thermal and kinetic energy in space plasmas, and it is believed to be

responsible for solar flare and brilliant aurora. Magnetic reconnection is observed at the mag-

netopause, magnetosheath and magnetotail in the magnetosphere. The idea of magnetic recon-

nection first arose in an attempt to understand the solar corona heating and the origin of the
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Figure 1.5: Schematic of field-line currents. Adapted from Coxon et al. [28].

enormous energy observed in solar flares [46]. One of the first applications of reconnection

is in geomagnetic and magnetospheric plasma processes proposed by Dungey [38]. In plasma

physics, charged particles are confined to circular orbits around magnetic field lines known as

magnetic field lines ”frozen-in” to an infinitely conductive plasma. It is true in most cases. One

result of this ”frozen-in” theory is that solar plasma are not allowed to penetrate the magneto-

sphere. However, at dayside magnetopause, the solar plasma do penetrate the magnetosphere

based on observations. The answer to solve the problem is the magnetic reconnection which

refers to the breaking and reconnecting of oppositely directed magnetic field lines in a plasma.

In the process, a strong current is developed in the presence of which even a vanishingly small

amount of resistivity in a small volume can become important, allowing plasma diffusion and,

thus, magnetic reconnection to occur. In the view of energy, magnetic field energy is converted
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to plasma thermal and kinetic energy (ions and electrons are heated and accelerated) [104, 58].

Three kinds of typical magnetic reconnection model are introduced below.

1.2.1 Slow Reconnection: Sweet–Parker Model

The first theoretical framework of magnetic reconnection, established by Peter Sweet and Eu-

gene Parker [104] in 1956, is based on MHD theory. The Sweet–Parker model [146] is the sim-

plest description of resistive magnetic reconnection: two oppositely directed magnetic fields

Bin in a plasma with uniform density ρ and resistivity η in an inflow velocity Vin are carried

toward the neutral line of the elongated current sheet of half-length L and half–width δ as

sketched in Figure 1.6; The system is assumed to be in a steady state. The outflow velocity Vout

is determined by the conservation of the mass:

VinL = VAδ. (1.1)

Conservation of energy (magnetic energy flux in equals kinetic energy flux out) gives

LVin

(
B2
in

8π

)
∼ δVout

(
ρV 2

out

2

)
. (1.2)

The outflow speed is the the upstream Alfvén speed given in Gaussian units by Vout ∼ VA ≡

Bin/
√

4πρ from Equation (1.1) and Equation (1.2). The electric field is given by the Ohm’s

law:

E = −V ×B

c
+ ηJ. (1.3)

The resistive electric field is important only inside current sheet. Using the Ampere’s law, the

dimensionless reconnection rate finally is given by as

Vin
VA
∼ 1

S1/2
, (1.4)
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Figure 1.6: Sketch of magnetic field geometry in Sweet-Parker reconnection. Oppositely di-
rected magnetic fields are brought together over a length 2L and reconnect in a diffusion layer
of width 2σ. Adapted from Zweibel et al. [146].

where S is the Lundquist number defined as the ratio of a resistive diffusion time scale τres to

an Alfvén wave crossing time scale τAlf . S is described as

S ≡ LVA
Dη

=
τres
τAlf

, (1.5)

where Dη ≡ ηc2

4π
is magnetic diffusivity in units of length2time−1. In astrophysics, the

Lundquist number is typically somewhere between 109 and 1020. Thus, the reconnection rate

in Sweet–Parker model is very low. For example, the Sweet-Parker model predicts solar flares

occur on time scales of months which is much slower than timescales of tens of seconds to tens

of minutes in reality.

1.2.2 Fast Reconnection: Petschek Model

From Equation (1.4), Sweet-Parker reconnection is slow because of large diffusion layer L. By

reducing L, Petschek model [105] is developed to explain magnetic reconnection that is fast
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in the limit of low resistivity. Figure 1.7 shows the X-line geometry proposed by Petschek in

1964. The inflow and outflow are separated by slow mode shocks. Thus, the reconnection

rate is increased by
√
L/L∗. The upper limit of reconnection rate is π/(8 lnS), which is fast

enough to support most support most phenomena in astrophysics. However, simulations of

resistive MHD reconnection with uniform resistivity showed the development of elongated

current sheets. Thus, stable resistive MHD reconnection needs an increased resistivity near

X-point. Petschek model requires localized anomalous resistivity in resistive MHD simulation.

Anomalous resistivity requires collisionless effects, which occur only on short length scales

where MHD breaks down. Therefore, Petschek model is not a good one for fast reconnection

in real space plasma.

Figure 1.7: Magnetic field geometry for Petschek model. Adapted from Narita et al. [146].

1.2.3 Collisionless Reconnection

In the Sweet–Parker model and Petschek model, electric field in diffusion region is given by

resistive electric field ηJ due to particle collision; Electric field out of diffusion region is bal-

anced by convection term −V×B
c

. The reconnection rate for the two models is determined by

η. However, the particle mean free path in real space plasma is usually very large and particles

are considered as collisionless. Therefore, collisionless reconnection or Hall reconnection is

used to explain the reconnection in real space. In collisionless reconnection, electrons and ions
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are considered as different fluid since they move quite differently in the diffusion layer because

of the mass difference between ions and electrons.

The generalized Ohm’s law [133] is used in two-fluid assumption and given by

E +
V ×B

c
= ηJ +

J×B

enec
− ∇ ·Pe

neec
+

me

nee2

dJ

dt
, (1.6)

where the four terms on the right-hand side are resistive term, Hall term, electron pressure

tensor term and electron inertia term. The first term is negligible in collisionless reconnection.

On length scales shorter than the ion inertial length ( c
ωpi

) and larger than ion inertial length

( c
ωpe

) , ions decouple from electrons. The magnetic field line becomes frozen into the electron

fluid rather than the bulk plasma flow. On these scales, Hall term is dominating. The electrons

continue flowing inward and the field fine is reconnected within electron diffusion layer, which

is much thinner than ions diffusion layer [15]. In the electron diffusion region, the inertia

term and pressure tensor term are dominating. Figure 1.8 shows the schematic of collisionless

reconnection. Since electrons flow and ions flow move in different path, strong Hall currents

are generated. The Hall currents in turn induce out-of-plane quadrupolar Hall magnetic field

as shown by the green color in Figure 1.8. Hall effects are thought as the key factor of fast

reconnection in collisionless reconnection models [14]. Hall currents and quadrupolar magnetic

field are often used as typical signatures of magnetic reconnection in the magnetotail [41, 95]

and magnetopause [94, 131, 39].

1.2.4 Multiple X-line Reconnection

In 3-D space, multiple X-line reconnection [74] is proposed to explain Flux Transfer Events

(FTEs) at the dayside magnetopause associated with twisted field lines (flux ropes). The mul-

tiple X-line reconnection is illustrated in Figure 1.9. At t = t1, multiple X-lines are shown

in the figure. After reconnection, the magnetic tension make reconnected field lines move. At

t = t2, reconnection occurs among the reconnected field lines again at the new multiple X-lines

and two flux tubes (helical field lines) formed as shown in Figure 1.9b. As time proceeding, at

t = t3, new flux tubes keep forming wrapping the old ones. This process stops when the size is

large enough and no reconnection occurs.
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Figure 1.8: Schematic of collisionless reconnection. Adapted from Zweibel et al. [147].

1.3 Substorms

A substorm is a transient, complex phenomenon lasting for the order of one hour or less, during

which energy is rapidly released in the magnetotail. Initially, the terms polar magnetic substorm

and auroral substorm refer to polar magnetic disturbances and the sudden activation of aurora

[1]. Later, the term magnetospheric substorm was introduced to represent magnetospheric

disturbances accompanied by both polar magnetic and auroral substorms. A substorm typically

has three phases, i.e. growth phase, expansion phase and recovery phase. When IMF turns

southward, the growth phase starts. Interplanetary and geomagnetic field lines merge at the

dayside magnetopause due to magnetic reconnection. The reconnected field lines are convected

to the magnetotail and magnetic energy is accumulated in the tail [16, 56]. The growth phase

typically lasts for about one hour.

The time of substorm onset and the beginning of the expansion phase is that when the

tail is unstable and would like to release the energy. The expansion phase takes about 30-60

minutes. Many interesting phenomena occur in this phase. Bursty bulk flows (BBFs) [5], which

are temporally and spatially localized high-speed streams of the plasma in the tail, are found

to be an important dynamical consequence of magnetic reconnection, a process resulting in

the changing of magnetic topology and release of magnetic energy. Magnetic flux ropes and
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Figure 1.9: Schematic of multiple X-line reconnection. Adapted from Lee et al. [74].

dipolarization fronts, referring to the alteration of magnetic field configuration from stretched

to more dipolarized form, are the most notable structures associated with BBFs. The cross-

tail current is disrupted and diverted into the ionosphere through field-aligned currents by the

substorm current wedge (SCW) [93]. Two models in are proposed to explain the onset time

of substorms [8, 87]. Reconnection model suggests near-Earth magnetic reconnection between

−20 and −30 Earth radii in the magnetotail is thought to trigger magnetospheric substorms

onset followed by current disruption and auroral brightening. However, current disruption

model suggests the initiation of the substorm expansion phase is triggered by the disruption of

the thin near-Earth current sheet. The current disruption causes further thinning of current sheet
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resulting in magnetic reconnection. Near-Earth magnetic reconnection in the magnetotail is

thought to trigger magnetospheric substorms onset via the observation of THEMIS spacecrafts

[8]. But Lui [87] does not agree with this conclusion. The underlying mechanism is still under

controversy and more evidences are needed from future simulation and observation study.

Figure 1.10: Schematic of (a) reconnection model and (b) current disrution model. Adapted
from NASA/Goddard Space Flight Center Conceptual Image Lab.

The magnetosphere starts to recover after near-earth reconnection ceases. The recovery

phase lasts about 1-2 hours. In over half the substorms, the expansion phase is triggered when

the dayside reconnection stops because of the northward turning of IMF.

During substorms, the aurora changes in brightness and locations as shown in Figure 1.11.

Brightening of aurora followed by westward traveling surge appear on a pre-existing auroral

oval.

Figure 1.11: Development of an auroral substorm observed by the Polar satellite. Adapted from
Ebihara et al. [40].
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1.3.1 BBF

High-speed plasma flows in the magnetotail plasma sheet are first reported by Baumjohann(1990)

[11]. The occurrence rates in the outer central plsma sheet,inner central plasma sheet and PSBL

are shown in Figure 1.12. The occurrence rates of high-speed flows in these three regions de-

crease with increasing velocity. For speed lager than 800km/s, high-speed flows are mainly in

the inner plasma sheet and PSBL. Using AMPTE/IRM data , Angelopoulos et al. (1992) [7]

first defined the high-speed flows organized in 10-min time flow enhancement as BBFs. BBFs

are generally caused by the magnetic reconnection in the near-Earth plasma sheet. The energy

transport per unit area in the y − z GSM direction is evaluated in the order of 5× 109ergs/R2
E.

He also concluded that 60% − 100% of the transport of mass and energy are the contribution

of BBFs in spite of BBFs lasting only 10%− 15% of the observation time in the inner plasma

sheet [5]. The spatial scale of BBFs is ∼ 1 − 3RE by the observations of ISEE 1, ISEE2,

THEMIS and CLUSTER spacecrafts [114, 6, 97].

Figure 1.12: The occurrence rates in the outer plasma sheet,inner plasma sheet and PSBL.
Adapted from Baumjohann et al. [11].

Eathward BBFs are more frequent as shown in Figure 1.13 with distance from the Earth

[11, 5, 120]. Earthward BBFs are braked around 15RE and stopped at dipole-like field and

tail-like field transition region due to the dipolar magnetic wall [120] generated by pressure
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gradient. The deceleration of the flows generates a dawnward inertia current. The inertia cur-

rent and pileup of magnetic flux cause the tailward propagating dipolarization of magnetic field

[101, 10, 50] generated at x ∼ −10RE . Moreover, the braking of earthward BBFs generates

various instabilities and waves.

Figure 1.13: The occurrence rates in the outer plsma sheet,inner plasma sheet and PSBL.
Adapted from Baumjohann et al. [11].

1.3.2 Dipolarization Fronts (DFs)

Dipolarization initially are often thought as signatures of magnetic flux pileup [55] or caused by

a current-driven instability (current disruption) [88]. Duration is about tens of minutes. Dipo-

larization fronts (DFs), usually observed at the leading edge of BBFs, are a different concept

which refers to the sharp magnetic boundaries characterized by a sudden increase of magnetic

field Bz [96, 111] preceded by a small Bz dip structure in the plasma sheet. Also, particle num-

ber density decreases and energy increases during this process as shown in Figure 1.14. DFs

are believed to play a very important role [61] in the transportation of mass and energy [98, 84],

generation of field-aligned current (current disruption) [142, 83], excitation of waves [144, 69]

and particle energization [111, 144].The DF structure has similar spatial scale [143] with that

of BBFs. Considering the similarity of DFs and flux ropes (e.g. bipolar structure of Bx and

Bz), DFs can be interpreted as earthward propagating flux ropes based on the multiple X-line
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reconnection [111, 86] or Nightside Flux Transfer Events based on transient reconnection in

the magnetotail [115, 112, 123].

Figure 1.14: DF observed by THEMIS P2 located in the plasma sheet at x ∼ −15RE . Adapted
from Runov et al. [111].

1.4 Alfvén Waves in the Magnetosphere

Ultra low frequency (ULF) plasma waves are frequently observed in various regions of the mag-

netosphere [62, 136]. ULF waves with different waveforms and frequency bands (a few mHz

to a few Hz) are defined as Pc 1–5 or Pi 1–2 as shown in Figure 1.15. They play an important

role in the energy transport over vast distances and magnetosphere-ionosphere coupling. Shear

Alfvén waves are fundamental and ubiquitous ULF plasma waves [49, 3, 19] carrying trans-

verse electromagnetic perturbations and thus field-aligned currents. While localized structures

associated with the fast flows, e.g., dipolarization fronts, entropy bubbles, and flow vorticies,

have also been suggested for the generation of field-aligned currents in the tail [66, 125], shear
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Figure 1.15: Classification of ULF waves. Adapted from Walker et al. [62, 136].

Alfvénic perturbations are a coherent normal mode that can carry the field-aligned currents

globally. When the perpendicular (to the magnetic field) wavelength is short and comparable

to the ion gyroradius, parallel electric fields E‖ can be developed, in the shear Alfvén waves,

which facilitate particle heating, acceleration, and transport. Kinetic Alfvén waves (KAWs) are

shear Alfvén waves with small perpendicular wavelength comparable to the ion gyroradius or

the electron inertial length, i.e., k⊥ρi ∼ 1, where k⊥ is the perpendicular wave number and ρi

the ion Larmor radius. During substorms, shear Alfvénic fluctuations, including KAWs, are

found in many observations [128, 37, 103, 140, 141, 67, 140, 68]. Figure 1.16 shows the loca-

tions where Alfvén waves are observed. KAWs have been found in the plasma sheet associated

with fast flows [4, 21, 18], at the plasma sheet boundary layer (PSBL) [141], and in the inner

magnetosphere [59, 20, 23]. It has been argued that the KAWs observed around the tail plasma

sheet carry sufficient Poynting flux flowing along magnetic field lines toward the ionosphere to

power low-altitude auroral acceleration [4].

1.4.1 Linear MHD Waves

Alfvén waves, fast and slow magnetosonic waves are three fundamental MHD wave modes

in a plasma and play an important role in plasma heating and transport of energy in space

plasma. Alfvén waves, also called shear or torsional Alfvén waves [45], are predicted by and
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Figure 1.16: Alfvén waves observed in various locations marked by numbers. Adapted from
Keiling et al. [68].

named after Hannes Alfvén. In a static, homogeneous plasma with constant density (ρ0) and

pressure (p0) with a uniform background magnetic field B0 in z direction. Using linearized

MHD equation, the wave equation in matrix form is given by [51]


ω2 − k2V 2

A − c2
sk

2
x 0 −kxkzc2

s

0 (ω2 − k2
zV

2
A) 0

−kxkzc2
s 0 (ω2 − k2

zc
2
s)

v1 = 0, (1.7)

where ω is the ion gyrofrequency, k is wave number assumed to lie in the x− z plane without

loss of generality; VA is Alfvén speed and cs is sound speed. The non-trial solutions are given

by

ω = ±kVA cos θ ≡ ±k||VA, (1.8)

and (
ω

k

)2

=
V 2
A + c2

s ±
√

(V 2
A + c2

s)
2 − 4V 2

Ac
2
s cos2 θ

2
, (1.9)
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where k‖ is the wave number parallel to the background magnetic field and θ is the angle be-

tween wave vector and background magnetic field. Equation (1.8) is the dispersion relation for

Alfvén waves. The wave is supported by magnetic field line tension in a plasma or conducting

fluid [2]. The corresponding wave vector of Equation (1.7) is in the y direction. Thus, the

perturbation of velocity is in the y direction. Therefore, Alfvén wave is a transverse wave since

perturbations in both velocity and magnetic field are always perpendicular to the direction of

wave propagation. The non-dispersive Alfvén wave is also incompressible. The two features

are usually used to identify the Alfvén wave [119]. Equation (1.9) gives the dispersion rela-

tions of other two modes: fast (+) and slow (−) magnetosonic waves. Magnetosonic waves are

longitudinal and compressible. In the slow wave, plasma pressure and magnetic pressure per-

turbations are out of phase. In the fast wave, these two perturbations are in phase. Both Alfvén

waves and magnetosonic waves are present in our hybrid simulation [79]. Figure 1.17 shows

the Friedrichs diagram of these three MHD waves in two conditions: VA > cs and VA < cs.

Figure 1.17: Friedrichs diagram of MHD waves, where is the wave vector, B0 is the back-
ground magnetic field, VA is the Alfvén speed, and cs is the sound speed.
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1.4.2 Dispersive Alfvén Waves

Shear Alfvén waves in the kinetic regime differ from those in an MHD treatment because

the short wavelength requires a significant parallel electric field to maintain charge neutrality

because of ion density perturbations caused by the electron pressure gradient (when the electron

plasma beta is larger than the electron to ion mass ratio) or electron inertia (when the electron

plasma beta is less than the electron to ion mass ratio). When the electron thermal speed is

higher than the Alfvén speed, the parallel electric field counteracts electron pressure (which

would push the electrons away from the ion density perturbations) [53]. The dispersive Alfvén

waves are called KAWs (Kinetic Alfvén Waves). When the electron thermal speed is lower

than the Alfvén speed, the electric field must overcome the electron inertia (which prevents the

electrons from responding rapidly to the ion density perturbations) [48]. This kind of Alfv’en

waves are called IAWs (Inertial Alfvén Waves).

Hasegawa first suggested that the parallel electric fields associated with small-scale KAWs

could efficiently accelerate particles on magnetic field lines [53]. KAWs were further suggested

as a mechanism that gives rise to particle acceleration on auroral field lines [47] as well as

transverse ion heating in that region [130]. Chaston et al.(2009) presented observations in the

magnetotail from the Cluster spacecraft showing that KAWs radiate outwards from the X line

with outward energy fluxes equivalent to that contained in the outstreaming ions [21]. Wave-

particle energy exchange has been confirmed between KAWs and plasma particles in the PSBL

by high-resolution Magnetospheric Multiscale (MMS) mission observations [44]. Thus, KAWs

can be an important mechanism in plasma transport, plasma heating and particle acceleration

[54, 22].

The basic properties of KAWs are described by their dispersion relation. While MHD

Alfvén waves satisfy the relation ω = k‖VA, the dispersion relation of KAWs can be written as

ω2 = k2
‖V

2
A

[
1/
(
1− Γ0

(
k2
⊥ρ

2
i

)
e−k

2
⊥ρ

2
i

)
+ Te/Ti

]
k2
⊥ρ

2
i , (1.10)

where Γ0 is the full Bessel function, ρi is the ion gyroradius, and Te and Ti are the electron and

ion temperatures, respectively. Employing a Padé approximation Γ0(k2
⊥ρ

2
i )e
−k2⊥ρ

2
i ≈ 1/(1 +
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k2
⊥ρ

2
i ), the relation can be simplified to

ω2 = k2
‖V

2
A [1 + (1 + Te/Ti)k

2
⊥ρ

2
i ] = k2

‖V
2
A [1 + k2

⊥(ρ2
i + ρ2

s)], (1.11)

where ρs = (Te/mi)
1
2/Ωi, with Ωi being the ion cyclotron frequency [63]. Since shear Alfvén

waves possess transverse polarizations in both the electric and magnetic fields, the polarization

relation of KAWs can be expressed as

|δE⊥/δB⊥| = VA
(
1 + k2

⊥ρ
2
i

) [
1 + k2

⊥(ρ2
i + ρ2

s)
]−1/2

, (1.12)

where δE⊥ is the perturbed electric field in the direction of k⊥; δB⊥ is the perturbed magnetic

field, which is perpendicular to both the background magnetic field and δE⊥. Figure 1.18 shows

the polarization relation of KAWs generated in the magnetopause boundary layer because of

mode conversion [22]. The parallel electric field of KAWs can be expressed as [90, 63, 68]

∣∣∣δE‖/δE⊥∣∣∣ = k‖k⊥ρ
2
s/(1 + k2

⊥ρ
2
i ). (1.13)

Shear Alfvén waves must also satisfy the Walén relation, which describes the relationship

between fluctuations of velocity and magnetic field [135, 12, 60, 9]. In the general cases with

ion temperature anisotropy, the Walén relation in the de Hoffmann-Teller (HT) frame, in which

the convection electric field is zero, can be written as

δV = ±ξ1/2δVA, (1.14)

where δV is the plasma velocity in the HT frame , δVA = δB/
√
µ0ρ is the fluctuation of

magnetic field in the form of the Alfvén speed, ξ = 1 − µ0
P‖−P⊥
B2 is the thermal anisotropic

parameter, and the +(−) sign corresponds to k‖ < 0 (> 0). Nevertheless, the Walén relation is

modified when including the particle kinetic effects. Based on the kinetic-fluid model [24, 31,
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Figure 1.18: The wave spectrum of δE⊥/δB⊥ from observations (black), local wave dispersion
(blue) and nonlocal solutions (red) for the fundamental through to third harmonic as a function
of k⊥ shows the polarization relation of KAWs generated in the magnetopause boundary layer
because of mode conversion. The green line denotes the theoretical relation and the dots are
from hybrid simulation. Adapted from Chaston et al. [22].

32], the Walén relation of KAWs (see A.1 for derivation) is given by

δVi ≈ ±δVA

 1 + k2
⊥λ

2
e

1 +
(
1 + Te

Ti

)
k2
⊥ρ

2
i

1/2 (
1

1 + 1.25k2
⊥ρ

2
i

)
, (1.15)

where λe is electron skin depth. Note that equation (1.15) is valid for either the inertial Alfvén

wave or the kinetic Alfvén wave with ion acoustic (hot electron) and/or ion gyroradius effects.

Dropping k⊥λe for KAWs in the outer magnetosphere, the Walén relation of KAWs in hybrid

model can be simplified as

δVi ≈ ±δVA

 1√
1 +

(
1 + Te

Ti

)
k2
⊥ρ

2
i


(

1

1 + 1.25k2
⊥ρ

2
i

)
. (1.16)
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1.5 Motivation and Outline of the Dissertation

Although KAWs have been observed in the magnetotail plasma sheet as seen by the transverse

magnetic and electric field fluctuations, enhanced spectral energy densities and parallel Poynt-

ing flux in Figure 1.19 [21], their generation mechanisms and global transport properties are

still unclear. Previous theories and local simulations have shown that in general KAWs can

Figure 1.19: KAWs observed in the magnetotail plasma sheet by CLUSTER. (a) Transverse
magnetic (BXFAC) and electric field (EY FAC) fluctuations observed on Cluster 2 in field-
aligned coordinates (FAC). YFAC lies in the spacecraft spin plane orthogonal to the projection
of B0 into this plane, and ZFAC is field-aligned. (b) BXFAC dynamic spectrogram; the white
line is the lower hybrid frequency (fLH), and the black line the proton gyro frequency (fp).(c)
EY FAC dynamic spectrogram; (d) electron energy spectrogram;(e) electron pitch angle spec-
trogram; (f) Poynting flux(SX) and ion energy flux (εX) along XGSM . Adapted from Chaston
et al. [21].

be generated via the fundamental mechanisms such as magnetic reconnection [116, 75, 76],

mode conversion [54, 63] and phase mixing [53, 132, 50]. Shay et al. (2011) [116] have shown

the signature of KAWs generated by reconnection via a two-dimensional (2-D) particle-in-cell

(PIC) code as shown in Figure 1.20. Liang et al. (2016, 2017) have presented a 3-D hybrid sim-

ulation in a Harris current sheet showing that KAWs are found throughout the transient plasma
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Figure 1.20: Contours of (a) By and (b) parallel Poynting flux show the signatures of KAWs
generated by reconnection via a 2-D PIC simulation. Adapted from Shay et al. [116].

bulge region and propagate outward along field lines with a slightly super-Alfvénic velocity

[75, 76]. Dai et al. (2017) suggested KAW eigenmode [29] as an explanation of Hall fields and

currents in the process of magnetic reconnection [30] . Mode conversion from compressional

waves to KAWs under various solar wind conditions at the dayside magnetopause has been

studied using hybrid simulations [81, 80, 118, 117] as shown in Figure 1.21. The compres-

sional waves on the magnetosheath side (x < 42.5) dominated by perturbations in Bx, Ey, and

N are converted to KAWs at the magnetopause between x ∼ 47 − 60. Kinetic Alfvén waves

can also be generated by large-scale phase mixing of MHD shear Alfvén waves.

Since the magnetotail contains multiple plasma boundary layers embedded in and coupled

with the global dynamics, multiple boundary layers exist in the highly nonuniform plasma and

magnetic field. Questions remain. Will KAWs be generated at magnetic reconnection and those

boundaries? What will happen when Alfvén waves interact with the boundaries during their

propagation? How are these waves coupled to the ionosphere? The generation and evolution

of KAWs in the global system are still far from being understood. To answer these questions, a

global model is necessary because spatial and temporal scales of the generation and evolution

of KAWs vary from particle kinetic scales to the global Alfvén convection scales, which is

hard for local simulations and observations to deal with. A kinetic model is necessary because

fluid (MHD) models can not deal with KAWs on particle kinetic scales. A three-dimensional
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Figure 1.21: Contours of various quantities in the xz plane via a 3-D hybrid simulation showing
mode conversion from compressional waves to KAWs. Adapted from Lin et al. [80].

(3-D) model is necessary because the 3-D, nonlinear physics is fundamentally important for

understanding KAWs. On the global scale, spatial variations and wave vector k in the east-

west direction are also important in the tail dynamics.

The objective of this thesis is to understand the fundamental mechanisms of generation of

KAWs and their signatures and propagation associated with magnetotail fast flows in the self-

consistent solar wind-magnetosphere interaction for cases under southward IMF, and correlate

the simulation results with observations. The tool we use is the 3-D global hybrid model. The

reason we use hybrid code is that particle-in-cell (PIC) models [33, 92, 116] treat electrons

and ions as individual particles, and are used to address reconnection problem locally due to

the limited computing resources. In MHD models, all plasma species are described as a single

or multiple conducting fluid [137, 89, 108, 110], and thus the kinetic effects have been fully

neglected. Hybrid models fall between them, in which ions are treated as fully kinetic particles

and electrons as a conducting fluid. They are used to model phenomena on a spatial scale as

low as ion inertial and ion gyroradius scales, and valid for low-frequency physics up to ω ∼ Ωi

[78, 102, 65, 79, 134]. Thus, the 3-D global hybrid model including both the dayside and

nightside magnetosphere is a suitable tool to study the dynamics of KAWs from the magnetotail

to the ionosphere.
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The thesis is organized as follows. The simulation model is described in Chapter 2. We

investigate the generation and evolution of KAWs in the magnetotail associated with magne-

totail reconnection and fast flows by using a 3-D global hybrid code in Chapter 3. The role of

flow-braking region in the generation and propagation of KAWs is studied. Ions acceleration

in the magnetotail is also discussed. In Chapter 4, we will correlate the simulation results with

observations from THEMIS and DMSP (Defense Meteorological Satellite Program) satellites

and with solar wind parameters and geomagnetic activity indices from the OMNI data sets .

Chapter 5 gives the summary and future study.
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Chapter 2

3-D Global-Scale Hybrid Simulation Model

The topic of this thesis is the generation and evolution of KAWs on the spatial and temporal

scales varying from particle kinetic scales to the global Alfvén convection scales. The suitable

simulation model should be a 3-D global kinetic model. The simulation tool used in this thesis

is the Auburn Global Hybrid Code in 3-D (ANGIE3D) [79, 82], a three dimensional global

hybrid code including both the dayside and nightside magnetosphere based on a previous code

that contains only the dayside magnetosphere [126, 78]. In this code, ions (protons) are treated

as fully kinetic particles (macroparticles), while electrons are treated as a massless fluid. An

introduction to ANGIE3D is given in this chapter. Hybrid simulation scheme is introduced

in Section 2.1. The two-cell grids are set up in Section 2.2. Section 2.3 gives the detail of

time-integration of particles and fields. The work flow of ANGIE3D is summarized in Section

2.4.

2.1 Hybrid Simulation Scheme

The simulation domain extends from x = −60 RE on the nightside to x = +20 RE on the day-

side, y = −30 RE to +30 RE in the dawn-dusk direction, and z = −30 RE to +30 RE in the

north-south direction in the GSM and Cartesian coordinate system. There are six outer bound-

aries. The fixed solar wind and interplanetary magnetic field (IMF) conditions are imposed

at x = +20 RE , while the outflow boundary conditions (zero-gradient boundary condition in

the normal direction) are used at the other five boundaries. The inner boundary is located at

r = 3.5 RE , where a magnetospheric-ionospheric electrostatic coupling model is employed.

The thickness of the ionosphere is quite tiny compared with the size of Earth. Ohm’s law for
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the ionosphere is written as

J = ¯̄Σ · E = Σ‖E‖ + ΣPE⊥ + ΣHBd × E/Bd, (2.1)

where ¯̄Σ is the conductance tensor with Σ‖, ΣP and ΣH being parallel height-integrated con-

ductivity, Pederson conductivity and Hall conductivity, respectively. Bd is the dipole magnetic

field, and given by

Bd = −Beq (sin Ier + cos Ieθ) , (2.2)

and I is the inclination angle of a geomagnetic field line with respect to the horizontal iono-

sphere, and given by

sin I =
2 cos θ

(1 + 3 cos2 θ)1/2
. (2.3)

The ionosphere is regarded as a two-dimensional spherical current sheet, and only currents on a

scale much larger than the thickness of ionosphere are studied. The current continuity equation

under such assumptions requires [64]

∇ · J = J‖ sin I, (2.4)

where J‖ is the field-aligned current density. The Ohm’s Law for the ionospheric current for a

thin shell model is written as

J = ¯̄Σ · E = −

 Σθθ Σθφ

Σφθ Σφφ

 · ∇φ =


Σ‖ΣP

Σzz
−Σ‖ΣH sin I

Σzz

Σ‖ΣH sin I

Σzz
ΣP +

Σ2
H cos2 I

Σzz

 · ∇φ, (2.5)

where Σzz = Σ‖ sin2 I + ΣP cos2 I and Φ is the electric potential. Thus, the ionospheric

potential equation [109] is obtained as

∇ · (− ¯̄Σ · ∇Φ) = J‖ sin I. (2.6)
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Considering the parallel conductance Σ‖ is usually much greater than the perpendicular con-

ductances, Σ is simplified as [91]

¯̄Σ =

 ΣP

sin2 I
− ΣH

sin I

ΣH

sin I
ΣP

 . (2.7)

Uniform Pederson conductivity ΣP = 5 Siemens and Hall conductivity ΣH = 0 Siemens are

adopted in the simulation. The field-aligned currents, mapped along the geomagnetic field lines

from the inner boundary into the ionosphere, are the input to the righthand of the ionospheric

potential equation (2.6).

In the simulation units, the magnetic field B is scaled by the IMF B0; the ion number

density N by the solar wind density ion number N0; the time t by the inverse of the solar

wind ion gyrofrequency (Ω−1
i0 ); the flow velocity V by the solar wind Alfvén speed VA0; the

temperature by V 2
A0; the length in units of the Earth’s radius RE . Thus, the equation for ion

particle motion, in the simulation units, is written as

dvp
dt

= E + vp ×B− ν(Vp −Ve), (2.8)

where vp is the ion particle velocity, ν is an ad hoc current-dependent collision frequency

with typical peak collision frequency ∼ 0.01–0.1 Ωi [129] used to model the anomalous re-

sistivity, and Vp and Ve are the bulk flow velocities of ions and electrons, respectively. A

cold, incompressible ion fluid coexists with particle ions [126, 78] in the inner magneto-

sphere (r < 6.5 RE), considering this simulation revolves the ion kinetic physics in the

outer magnetosphere. The number density of the cold ion fluid is assumed to be Nf =

(Neq/r
3)[1 − tanh(r − 6.5)], where Neq = 1000 cm−3. Cold ion fluid plays an important

role in the induction of field-aligned currents and the transmission of Alfvén waves in the inner

magnetosphere. Even though the number density of cold ion fluid is time invariant, the velocity

does change with time. Considering ion number density of ion fluid is very large, the pressure

tensor term is dropped. The momentum equation for cold ion fluid (Vf ) is given by
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dVf

dt
= E + Vf ×B− ν (Vf −Ve) . (2.9)

The electron flow speed is calculated from Ampere’s law as

Ve = Vi −
∇×B

αN
, (2.10)

where Vi = (Np/N)Vp + (Nf/N)Vf is the total ion bulk flow velocity, with Vf being the

flow velocity of the cold ion flow; α = (µ0e
2/mi), µ0 is the permeability of free space, e is the

electron charge and mi is the ion mass. The ion inertial length di is set as di = 1/
√

(αN).

The massless electron momentum equation is given as

E = −Ve ×B− rdVe

dt
−∇Pe/N − ν(Ve −Vi), (2.11)

where r is electron-to-ion mass ratio, Pe is the thermal pressure of the electrons, and N =

Np +Nf is the total ion number density with Np and Nf being the number densities of discrete

ions and cold ion fluid, respectively. Note that∇pe = Te∇N since the electron fluid is assumed

to be isothermal, i.e., with a constant temperature Te. The magnetic field is advanced in time

by Faraday’s law,

∂B

∂t
= −∇× E. (2.12)

2.2 Spatial Grids

In order to discretize Maxwell’s equations using central-difference approximations with second-

order accuracy, different field components are stored for different grid locations and 3-D Yee

lattice is adopted in ANGIE3D. The three components of E are stored on the edges of the cubes

at the grid points (i, j, k) while the three components of B are stored on the edges of the cubes

at the half grid points (i + 1/2, j + 1/2, k + 1/2) [126]. The two cells are defined and called

E-cell and B-cell, respectively. The two kinds of grid points for E-cell and B-cell are called

E-center and B-center, respectively. The E-cell for the n − th, l − th and m − th point away

from the point (i, j, k) in x, y and z direction is at (i + n, j + l, k + m); The B-center for the
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n− th, l − th and m− th point away from the point (i+ 1/2, j + 1/2, k + 1/2) in x, y and z

direction is at (i+n+ 1/2, j+ l+ 1/2, k+m+ 1/2). The three components of E are stored at

(i+n+1/2, j+ l, k+m) forEx, (i+n, j+ l+1/2, k+m) forEy and (i+n, j+ l, k+m+1/2)

for Ez. The three components of B are stored at (i + n, j + l + 1/2, k + m + 1/2) for Bx,

(i + n + 1/2, j + l, k + m + 1/2) for By and (i + n + 1/2, j + l + 1/2, k + m) for Bz. The

quantities at E-cell can not be used directly for B-cell and vice versa. It must be interpolated.

The density is located at the E-center. The electric current density is defined at the edge of the

E-cell.

Figure 2.1: Schematic of 3-D Yee lattice. Adapted from Pohl et al. [106].

2.3 Time-Integration of Particles and Fields

Equation (2.8) is simplified by combining equations (2.11) and (2.10) as

dvp
dt

= Ep + vp ×B, (2.13)
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where Ep is given by

Ep =

(
∇×B

αN
−Vi

)
×B + ν

Nf

N
(Vf −Vp) . (2.14)

The equation (2.9) is then written as

∂Vf

∂t
= −Vf · ∇Vf + Ef +

Np

N
Vf ×B− νNp

N
Vf , (2.15)

where Ef is given by

Ef =

(
∇×B

αN
− Np

N
Vp

)
×B + ν

Np

N
Vp. (2.16)

Given that the term Vf · ∇Vf is small, the total derivative on l.h.s of the equation (2.9) can be

replaced by the partial derivative ∂Vf

∂t
.

Finally, we can rewrite Faraday’s law using electron momentum equation and Ampere’s

law as

∂B

∂t
= −∇×

[(
∇×B

αN
−Vi

)
×B

]
−∇×

(
ν
∇×B

αN

)
. (2.17)

The first term ∇×B
αN

on the r.h.s. represents the whistler mode in the limit that the propagation

frequency is much lower than the gyro-frequency. The last term on the r.h.s. is the diffusion

term which is used to smooth out noisy fluctuations of the magnetic field. Equation (2.17) can

be modified by introducing the electron inertia as

∂

∂t

[
B + r∇×

(
∇×B

αN
−Vi

)]
= r∇×(Ve · ∇Ve)−∇×

[(
∇×B

αN
−Vi

)
×B

]
−∇×

(
ν
∇×B

αN

)
.

(2.18)

The electron inertia term is very small of the order of the electron-to-ion mass ratio. Its main

function is to incur electron polarization drift in the equation. Equation (2.18) is then rewritten

as
∂

∂t
B′ = −∇× E′, (2.19)
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where

B′ = B + r∇×
(
∇×B

αN
−Vi

)
(2.20)

and

E′ = rVe × (∇×Ve) +

(
∇×B

αN
−Vi

)
×B×

(
v
∇×B

αN

)
. (2.21)

Ep, Ef , B′ and E′ are the intermediate variants for computational convenience. Note that the

magnetic field in our simulation is split into two terms as

B = B0 + B1, (2.22)

where B0 is the dipole magnetic field plus mirror dipole magnetic field in the initial condition

and B1 is the time-variant fluctuation of B0. That is because B0 is curl-free and extremely

large in the inner magnetosphere. To reduce the numerical error from the calculation of∇×B

, only B1 is updated in the simulation while B0 keeps the same value.

The Courant-Friedrichs-Lewy condition ( |v|∆t
∆x
≤ 1) [26] should be satisfied for conver-

gence when solving certain partial differential equations, where v is VA for MHD and sound

speed for Hydrodynamics. Courant-Friedrichs-Lewy condition requires the time step is small

enough. However, massive particles integration need a lot of calculation. Thus, two-time-step

integration technique is adopted to integrate the particles and field. The particles are advanced

with a time step ∆t while the velocity and magnetic field are advanced with a smaller time step

δt. Typically, we use δt = 1
10

∆t.

2.3.1 Particle Push

The leapfrog method with second-order accuracy is employed to advance particles. In the

leapfrog method, velocity and positions of particles are known offset from each other by half a

time step. Ions are considered located at full-integer time steps while ion velocity is located at

half-integer time steps [13]. For particle integration, we are solving

vn+1/2
p − vp

n−1/2

∆t
= En

p +
vp

n+1/2 + vp
n−1/2

2
×Bn. (2.23)
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An elegant method to solve this equation is Boris method proposed by Jay P. Boris in 1970.

Equation (2.23) is rewritten as

v+ = v− +
∆t

2

(
v+ + v−

)
×Bn (2.24)

by defining pre-rotation v− and post-rotation velocity v+ as


v− = vp

n−1/2 + ∆t
2

En
p ,

v+ = vp
n+1/2 − ∆t

2
En
p .

(2.25)

Equation (2.24) is about pure rotation from Lorenz force. The relation of v− and v+ is given

as

v+ = v− + 2
v− + v− × t

1 + t2
× t, (2.26)

where t = −b̂ tan θ
2

= ∆t
2

Bn with θ being the rotation angle from v− to v+.

2.3.2 Ion Flow Velocity and Magnetic Field Push

For ion flow velocity, the velocity push via Boris method at sub-loop time step s is given by


V−f = V

s−1/2
f + δt

2
Ef ,

V+
f = V−f + Npδt

2N

(
V+
f + V−f

)
×B− νNpδt

2N

(
V+
f + V−f

)
,

V
s+1/2
f = V+

f + δt
2
Ef .

(2.27)

The relationship between V−f and V+
f is similar to equation (2.26). Equation (2.19) is dis-

cretized via fourth-order Rouge-Kutta method as



B′1 = B′s − δt
2
∇× E′s,

B′2 = B′s − δt
2
∇× E′1,

B′3 = B′s − δt∇× E′2,

B′s+1 = B′s − δt
6
∇× (E′s + 2E′1 + 2E′2 + E′3).

(2.28)
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2.4 Summary

The flow chart of our hybrid code is summarized in Figure 2.2.

Figure 2.2: Flow chart of hybrid code.
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Chapter 3

KAWs from Magnetotail to the Ionosphere in Global Hybrid Simulation

Although KAWs have been observed in the magnetotail plasma sheet, their generation mecha-

nisms and global transport properties are still unclear. We try to answer the following questions

in this chapter. Will KAWs be generated at magnetic reconnection and those boundaries? What

will happen when Alfvén waves interact with the boundaries during their propagation? How

are these waves coupled to the ionosphere? As mentioned in Chapter 1, KAWs play an impor-

tant role in particle heating and acceleration. Thus, ion acceleration and ion heating are also

studied in this chapter.

We use the 3-D global hybrid code, i.e., Auburn Global Hybrid Code in 3-D (ANGIE3D)

to reveal the generation, dynamics, and global structure of of KAWs from the magnetotail to

the ionosphere for the first time. The case presented with a purely southward IMF is introduced

in Section 3.1. The global view of the simulation results including the evolution of fast flows

and flux ropes is given in Section 3.2. Section 3.3 presents the identification and dynamics

of highly 3-D KAWs generated by the near-Earth magnetotail reconnection. KAWs are also

generated at the inner edge of flow-braking region in front of the dipole-like field due to the ion

inertial effects as shown in Section 3.4. The total Alfvénic wave energy on the nightside from

the magnetotail to the ionosphere is estimated in Section 3.5. The Poynting flux pattern in the

ionosphere reveals the importance of KAWs in the brightening of aurora. The ions acceleration

owing to KAWs and other mechanisms is studied in Section 3.6. Section 3.7 gives the unusual

ion drift motion by tracing ions at the flow-braking region near substorm current wedge. The

results of this chapter are summarized in Section 3.8.
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3.1 Introduction

In the case presented, a purely southward IMF is chosen, with the field strength B0 = 10 nT

and ion number density N0 = 6 cm−3 , corresponding to a solar wind ion gyrofrequency

Ω0 = 0.958 s−1. The solar wind ion inertial length di0 = c/ωpi0 is set as 0.1 RE , where

ωpi0 is the plasma frequency of solar wind and c is the light speed. Nonuniform cell grids are

used, with a grid size of (∆x,∆y,∆z) = (0.15, 0.15, 0.15) RE in the near-Earth regions with

−25 RE ≤ x ≤ 12 RE , −12 RE ≤ y ≤ 12 RE , and −10 RE ≤ z ≤ 10 RE and a lower

resolution in other regions. The cell dimensions are set as nx × ny × nz = 337 × 241 × 217.

The configuration of the grid is shown in Figure 3.1. A total of 2 × 109 particles are used. A

typical particle time step interval is ∆t = 0.05 Ω−1
0 . Note that the hybrid model is valid for

low-frequency ion kinetic physics with ω ∼ Ωi and kρi ∼ 1 [79]. Given that the peak ion

number density in the plasma sheet is on the order of 0.33 N0 and di =
√

N0

Ni
di0, the lowest ion

inertial length in the magnetotail is around 0.17 RE in the simulation. Therefore, the grid size,

(∆x,∆y,∆z) = (0.15, 0.15, 0.15) RE is small enough to resolve the ion kinetic physics .
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Figure 3.1: Configuration of the nonuniform grid used in the simulation. The red rectangle
denotes the uniform region with grid size: (∆x,∆y,∆z) = (0.15, 0.15, 0.15) RE .
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Table 3.1: Units of parameters
L t B N E J T V S
RE s nT cm−3 V/m nA/m2 eV km/s W/m2

It is necessary to scale the kinetic effects in order to compare with typical values in the

magnetosphere [126, 78, 79], since an artificial solar wind ion inertial length is adopted given

the finite computing resources. The timescale presented in the simulation is increased by a

factor of 6.76 in order to compare with typical values in the magnetosphere. The factor is

chosen because the artificial solar wind ion inertial length (0.1 RE) used in the simulation is

6.76 times as large as the realistic one (0.0148 RE) for a typical solar wind density of 6 cm−3.

Thus, the convection speed is faster in the simulation since the positions of the bow shock and

magnetopause are assumed to be realistic.

In the presentation that follows as shown in Table 3.1, the spatial length (L) is in units

of RE and the time (t) in units of seconds (s). The magnetic field (B ) is in units of nT and

the temperature (T ) in units of eV. The electric field (E ) is in units of V/m and the current

density (J ) in units of µA/m2. The velocity (V ) is in km/s and the Poynting flux (S ) in units

of W/m2. The ion number density (N ) is in units of cm−3 as scaled to the realistic ion inertial

length.

3.2 Global View

The results of the simulation described in this chapter have the following input parameters:

IMF components Bx0 = By0 = 0, and Bz0 = −10 nT, Alfvén Mach number MA = 7.87,

ion density N0 = 6 cm−3, convection speed V0 = 700 km/s, ion temperature Ti0 = 10 eV,

and electron-to-ion temperature ratio Te0/Ti0 = 2 in the solar wind. Runs with various Mach

numbers are also conducted, and the generation of fast flows and Alfvén waves are found to be

similar for MA = 4 − 8 , although their strengths vary. The electron-to-ion temperature ratio

in the solar wind is set to 2 so that the ratio in the plasma sheet is realistic. This is necessary

because electrons are assumed to be isothermal for simplicity in this simulation and thus not to

be heated in the magnetosheath as under the realistic condition.
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Figure 3.2 shows a time sequence of global views of the magnetic field and ion density in

the GSM equator along with typical magnetic field lines. The sequence begins approximately

4 minutes after the magnetotail forms in the simulation and spans a period of approximately

3 minutes. The black cones show the ion bulk flow velocity. Open field lines are marked as

blue lines while closed field lines are marked as orange lines. The red lines are dipole magnetic

field lines and the black lines are reconnected magnetic field lines due to the dayside magnetic

reconnection at the magnetopause. The initial condition of magnetic field was set as a dipole

magnetic field plus mirror dipole magnetic field for x < 15 RE at t = 0 s and the uniform

solar wind and IMF occupy the region of x > 15 RE . Initially, the ion particle density is

0.05N0 in the region of dipole magnetic field. As time proceeds, the magnetosphere forms

self-consistently while the solar wind continuously enters the domain and interacts with the

dipole magnetic field. The standoff distances of the magnetopause and bow shock are around

8 RE and 12 RE , respectively, as shown in Figure 3.2a. Magnetic reconnection occurs at the

dayside magnetopause around x = 8 RE along X lines through the subsolar point and another

in the nightside plasma sheet which extends from x = −35 RE to x = −15 RE . Flux ropes,

i.e., twisted magnetic field lines, as a signature of magnetic reconnection are shown both at the

dayside magnetopause and in the tail plasma sheet. They are marked in Figure 3.2a as the black

field lines at the magnetopause around x = 8 RE and as the violet field lines in the magnetotail

plasma sheet around x = −25 RE . Significant variations of magnetic field strength and ion

number density at the equator in both the magnetotail and magnetosheath are shown in the left

and right-hand columns respectively as indicated by the color bars at the bottom of the figure.

The near-tail X line initially developed at x ≈ −25 RE . In Figure 3.2a, two typical

flux ropes marked as ‘A’ (closed field lines on both sides) and ‘B’ (one side is open and the

other side is closed) are generated by magnetic reconnection at t = 2391 s. As shown in the

expanded views pointed to by the white arrows, flux rope ‘A’ has both ends of the field line

extending sunward (earthward), while flux rope ‘B’ has one end going sunward and the other

end extending tailward. At this time flux rope ‘A’ near x = −22.0 RE , y = −6.0 RE is

moving with earthward fast flows at a speed of a few hundred kilometers per second generated

by reconnection, while flux rope ‘B’ near x = −27.0 RE , y = 7.5 RE is moving tailward.
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Figure 3.2: Time variation of contours ofB (left column ) andN ( right column ) at the equato-
rial plane with typical magnetic field lines showing the dayside and night side magnetosphere,
with multiple flux ropes in the plasma sheet. The black cones denote ion bulk flow velocity.

The two flux ropes also drifted dawnward as shown in Figure 3.2b as the result of E × B

drift associated with Hall electric field [79, 85], which cannot be described by MHD models.
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A little more than 1 minute later, flux rope ‘A’ has drifted sunward and dawnward to x =

−14.5 RE , y = −9.0 RE , and flux rope ‘B’ has drifted antisunward (tailward) and dawnward

to x = −31.0 RE , y = 4.0 RE . A new flux rope with both ends of the field line extending

antisunward, marked as ‘C’ is generated at t = 2470 s. About one and a half minutes later, as

shown in Figure 3.2c, flux rope ‘B’ has continued its eastward drift and moved from the dusk

side to the dawn side. By this time, flux rope ‘A’ has arrived at the dipole-like field region,

where it releases its helicity and merges with the dipole-like magnetic field lines. Once it is

deeper in the magnetosphere, it is expected to drift to the dusk side due to the magnetic gradient

and curvature drift [79].

Figure 3.3: Contours of N and J‖ at the equatorial plane with typical magnetic field lines and
fast flows at t = 2469 s. The black cones denote ion bulk flow velocity.

In order to resolve the small structures in the near-Earth magnetotail, Figure 3.3 pro-

vides zoom-in contours of the ion number density (N ) and parallel current density (J‖) in

the equatorial plane from x = 0 RE to x = −30 RE at the same time as in Figure 3.2a.

Earthward fast flows (i.e., bursty bulk flows) and tailward fast flow channels with speeds

of 300 km/s − 1000 km/s marked as large black cones are found from x = −30 RE to
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x = −10 RE , sunward and antisunward of the near-tail X line around x = −25 RE , respec-

tively. Enhanced ion density is present inside the flux ropes, which move with the fast flows

earthward and tailward. On the earthward side, at the flow braking region at r ∼ 10RE in front

of the strong dipole-like field, the earthward fast flows slow down and convect bidirectionally

to the dayside magnetosphere.

During a substorm, many waves are generated by reconnection, including shear Alfvén

waves [122, 77, 57, 21]. In our simulation, near the X line on both the dawn and dusk side

around x = −20 RE , many small structures of ion number density and parallel current density

are shown in the equatorial plane. These kinds of structures are developed on an Alfvén time

scale. Since Alfvén waves are a possible carrier of field-aligned currents, we will examine the

shear Alfvénic characteristics around the reconnection regions. Note that if these are Alfvén

waves, then they are likely to be kinetic Alfvén waves because typical MHD Alfvén waves do

not have ion density perturbations. This will be confirmed in Section 3.3. We will show more

information is revealed when the structures of field-aligned current are viewed in the xz plane.

Since the xz planes in general show the geometry of the DC magnetic field, the propagation of

Alfvén waves can be traced globally from the tail to ionosphere at different local times.

3.3 KAWs in the Magnetotail

Figure 3.4 shows the time evolution of an X line and contours of parallel current density (J‖),

parallel electric field (E‖), transverse magnetic field (By), and parallel Poynting flux (S‖ ) in

the xz plane at y = 8.0 RE , where reconnection occurs on the dusk side in Figure 3.3. This

time evolution begins about one and one-half minutes before the times shown in Figure 2a

and ends about one minute before the times shown in Figure 3.2c. At t = 2291 s, near-Earth

magnetic reconnection is found with an X line evident from the configuration of the magnetic

field lines at x = −29 RE in Figure 3.4a. A little more than one and a half minutes later, the

X line moves a little earthward, located at x = −27 RE at t = 2391 s. Subsequently the X

line moves a little tailward to x = −28 RE at t = 2448 s, and further to x = −21 RE at

t = 2527 s. The pink circles show the time evolution of the same wave structure generated

by reconnection and its propagation to the Earth along magnetic field lines in the plasma sheet
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boundary layer. The consistent correlation of By in Figure 3.4b, J‖ in Figure 3.4c, E‖ in Figure

3.4d, and S‖ in Figure 3.4e shows these waves have properties of KAWs. The waves have

a large perpendicular wave number in the perpendicular direction (roughly z-direction). The

highly field-aligned extension of these structures indicate k‖ � k⊥. The finite parallel Poynting

flux inside the pink circle above the equator has the opposite sign compared with that below

the equator in Figure 3.4e. Considering the direction of the local magnetic field lines, the

wave structure propagates towards the ionosphere both above and below the equatorial plane.

The consistent sign indicates that wave power is absorbed as the wave propagates towards the

ionosphere. At the initial time in this sequence, i.e., t = 2291 s, the wave front at z = 0.15 RE

is near x = −25 RE . About 100 s later, the wavefront at z = 0.15 RE arrives at x = −17 RE .

Approximately one minute later, at t = 2448 s, the earthward KAWs arrive in the dipole-

like field region and then propagate toward the northern and southern ionosphere along the

field lines. This is shown by the enhancement of the values of J‖, E‖ and By at t = 2527 s.

Note that the background By component is much smaller than the transverse perturbation of

magnetic field while x < −12 RE . So the propagation of KAW structure is nearly in the plane

y = 8.0 RE . In x > −12 RE , the background By component cannot be ignored, and the

propagation of KAW structure is no longer only in the plane y = 8.0 RE . Meantime, a new

wave structure arises around x = −22 RE at t = 2527 s. The above time scale for the wave

propagation is consistent with the Alfvén wave speed, which will be illustrated below.

Figure 3.5 shows the propagation of KAWs from the magnetotail to the ionosphere in 3-D

view, where the red patch, the white patch and the blue patch mark the same KAW structure at

different times. At t = 2362 s, the highly 3-D structure of KAWs characterized by isosurface of

J‖ marked as the red patch is generated near X lines on the dusk side. The structure propagates

to the Earth along the magnetic field line and arrives at the dipole-like field region. As time

evolves, the structure merges with the Region-1 current on the duskside and propagates to the

ionosphere at t = 2572 s.

In order to further confirm that these waves are KAWs, Figure 3.6 examines the shear

Alfvén polarization relation and Walén relation along the blue line segment (at x = −15 RE)

marked in the By contours in Figure 3.4 for t = 2391 s and y = 8.0 RE . Figure 3.6a shows
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Figure 3.4: (a) Magnetic field line configuration and contours of (b) transverse magnetic field
(By), (c) parallel current density (J‖), (d) parallel electric field (E‖) and (e) parallel Poynting
flux (S‖) at t = 2291 s, t = 2391 s, t = 2448 s and t = 2527 s with typical magnetic field fines
and ion flow velocity (black arrows) in the plane y = 8.0 RE .

the spectrum of J‖ in kx-kz space, from x = −15.0 RE to −10.0 RE and from z = −2.0 RE

to 2.0 RE at y = 8.0 RE marked as the black rectangle in Figure 3.4b. k′ is defined as k/2π.

Since the background magnetic field is almost in the x direction, with B ∼ Bx, and the wave

number is mainly in the z direction, with k ∼ kz (k⊥ � k‖) as shown in Figure 3.6a, the

electric field polarization δE⊥ and magnetic field polarization δB⊥ associated with KAWs are

predominantly By and Ez, respectively. In Figure 3.6a, k′z is 0.2 − 0.6/RE and kz = 2πk′z ∼

1.3 − 3.8 rad/RE. The local ion gyroradius is found to be ρi ∼ 0.2 RE − 0.4 RE . The

perpendicular wave number is thus k⊥ρi ∼ kzρi ∼ 0.4 − 1.1 in these waves. Figure 3.6b and

3.6c show polarization relation and Walén relation, respectively. The shear Alfvénic transverse

components δE⊥ and δB⊥ in Figure 3.6b are well correlated, with δE⊥ = −1.17δB⊥VAy in

z > 0 and δE⊥ = 1.09δB⊥VAy in z < 0. The ratio of δE⊥/δB⊥ has different signs in z > 0

and z < 0 due to the relative direction of k‖. Based on equation (1.12), the theoretically

45



Figure 3.5: Isosurface plots of J‖ = −25 at t = 2362 s (red patch), t = 2462 s (white patch) and
t = 2572 s (blue patch) with typical magnetic field lines (green lines) showing the evolution of
the same KAW structure generated around x = −23 RE .

predicted ratio between the perturbation of magnetic field and electric field is |δE⊥/δB⊥| '

1.07VA − 1.44VA. The simulation result is consistent with the theoretical polarization relation

(see equation (1.12)) of KAWs propagating along (opposite) to the magnetic field on the north

(south) side of the plasma sheet, similar to the satellite observations [36, 124] with a super-

Alfvénic velocity. Furthermore, it is seen from Figure 3.6c that δViy = −0.74δVAy in z > 0

and δViy = 0.62δVAy in z < 0. Note that Te
Ti
� 1. Based on the Walén relation, equation (1.16),

the theoretically predicted relation between the perturbation of velocity and magnetic field is

δViy ≈ 0.27 − 0.77δVAy. Therefore, the fit line in Figure 3.6c based on the simulation data is
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Figure 3.6: (a) Polarization relation and (b) Walén relation: The corresponding δE⊥ vs δB⊥
and δViy vs δVAy both from t = 2369 s to t = 2391 s along the blue line segment marked in
the contour of By in the plane y = 8.0 RE in Figure 3.4b, where δVAy = δBy/

√
µ0ρ. The solid

black lines show the fitted values based on the simulation data. (c) Spectrum of J‖ in kx-kz
space, from x = −15.0 RE to −10.0 RE and from z = −2.0 RE to 2.0 RE at y = 8.0 RE

marked as the black rectangle in Figure 3.4b.

also consistent with the theory. In a word, the polarization relation and Walén relation, together

with the existence of finite J‖ andE‖ (Figure 3.4), are consistent with KAWs with k‖ � k⊥ and

k⊥ρi ∼ 1.

Figure 3.7 shows transverse electric field power spectral density δE2
⊥(ω), where δE2

⊥(ω) =

1
TLxLy

∫ ∫
δE2
⊥(ω, kx, ky)dkxdky with δE⊥(ω, kx, ky) being the 3-D FFT of δE⊥(x, y, t), from

x = −40.0 RE to −10.0 RE and from y = −10.0 RE to 10.0 RE at z = 0.45 RE from

t = 2362 s to t = 3094 s, where T is the time interval, Lx and Ly are the length in x and y

direction, respectively. A spectral break in the vicinity of ω ∼ Ωi indicates the onset of dissi-

pation, the energy sink at cross-scale coupling in the turbulence spectrum. At the dissipation

region (ω > Ωi), magnetic energy is coupled to thermal motions of ions. Such a turbulent

spectrum is consistent with various satellite observations [73, 17].
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Figure 3.7: Spectrum of transverse electric energy density from t = 2362 s to t =3094 s. The
blue dash line and red dash line are the fit power laws in inertial range (f−5/3) and dissipation
range (f−10/3), respectively.

Virtual satellite observations of various parameters at a fixed position (x, y, z) = (−15, 8, 0.6)RE

above the equator are shown in Figure 3.8. The gray patch marks the time interval when a KAW

structure passes from t = 2290 s to 2505 s. Before t = 2290 s, the value of magnetic field (B)

and ion number density (N ) are about 15 nT and 2.0 /cm3 in Figure 3.8a, denoting the virtual

satellite is in the plasma sheet. From t = 2290 s to 2505 s, the magnetic field increases and

ion density decreases, indicating this position is located in the PSBL between the plasma sheet

and the northern tail lobe. After t = 2505 s. the satellite is located in the lobe with a very

low ion number density and a very high Alfvén speed VA. In the PSBL from t = 2290 s to

2505 s, the magnetic field perturbation is in Bx and By in Figure 3.8b, while the electric field

perturbation is predominantly in Ez in Figure 3.8c. The perturbation of ion flow velocity (Viy

and Vix) in Figure 3.8d is in the same order and negative sign with δVAy, satisfying the Walén
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relation of field-aligned-propagating KAWs. Meantime, field-aligned electric field (E‖) and

current density (J‖) are well correlated in Figure 3.8e. All these features show that KAWs pass

by this position in the plasma sheet boundary layer from t = 2290 s to 2505 s in the PSBL.

KAWs have been observed by Stawarz et al. (2017) [124] based on an MMS event at 9RE in

the plasma sheet, which may be associated with the BBF braking region and/or the magnetic

reconnection separatrix. Similar to the MMS observation, the perturbation in magnetic field is

a few tens of nT and that in the flow speed is a few hundreds of km/s in our simulation results

shown in Figure 3.8. The perturbation of electric field in our simulation is around 10mV/m,

which is one order smaller than that in the observation event, in which the local Alfvén speed is

about one order larger than that in our simulation. Note that E‖/E⊥ in our simulation is larger

than that predicted by linear theory [75]. There is an obvious increase of parallel ion tempera-

ture and relatively smaller increase of perpendicular ion temperature in Figure 3.8f. Note that

the increase of ion temperature may not all come from ion heating. The temperature anisotropy

with T‖ > T⊥ is consistent with the result described by Liang et al. (2017) [76]. Liang et al.

(2017) [76] presented the parallel and perpendicular heating of the accelerated ions beam by

KAWs occurred simultaneously with T⊥ > T‖ in the earlier stage, while the overall tempera-

ture anisotropy with T‖ > T⊥ develop in the later stage due to the increase of the fraction of

the accelerated ions and the interaction between the accelerated beam and the core population.

Figure 3.9 shows the time sequence of δBy as a function of x from t = 2362 s to t = 2577 s

along z = 0.75 RE at y = 7.5 RE . The wave propagation speed of the KAWs can be measured

by tracking the propagation of the wave front as indicated by the red line. The phase speed of

KAWs is nearly along the magnetic field, which is nearly along the x direction, and their group

velocity is along the magnetic field. The phase speed is estimated from the slope of the red

line as 343 km/s in the simulation frame. Note that the background convection speed is very

small and can be ignored, and the ion flow is nearly perpendicular to the background magnetic

field. Thus, the phase speed of the wave is larger than the local Alfvén speed of ∼ 290 km/s,

consistent with the feature of KAWs with k⊥ρi ∼ 0.6.
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Figure 3.8: Time variation of (a) magnetic field, ion density, (b) x, y, z components of magnetic
filed, (c) x, y, z components of electric filed, (d) ion flow velocity, (e) field-aligned electric field
and current density, (f) parallel and perpendicular temperature from t = 2061 s s to t = 3000 s
at the position(x, y, z) = (−15, 8, 0.6) RE . The gray patch marks the time interval when a
KAW passes from t = 2290 s to t = 2512 s .

Figure 3.9: The time sequence of the spatial cuts of of δBy from t = 2362 s to t = 2577 s along
z = 0.75 RE at y = 7.5 RE from x = −19 RE to −10 RE .

3.4 KAWs in the Flow-braking Region

As the shear Alfvén waves generated in the tail plasma sheet encounter the strong dipole-like

field in the flow braking region, their wave power is found to be altered. Take flux ropes (also50



Figure 3.10: Contours of By at (a) t = 2770 s , (b) t = 2813 s in the plane z = 0 RE and (c)
t = 2863 s in the plane z = −0.3RE ( the center of plasma sheet is not always in the equatorial
plane ) with typical magnetic field lines.

carrying shear Alfvénic magnetic field perturbations) as an example. At t = 2770 s, the flux

rope from the magnetotail as shown in blue in Figure 3.10a arrives at x = −15RE , carried by a

fast flow. Due to the flow braking, sheared flow is present in the azimuthal direction, as marked

as black cones (see Figure 3.10a) which causes perturbations in the dawn-dusk component of

the magnetic field. While shear flow alone can generate shear Alfvén waves [35, 34, 138],

in our case the flow shear is found to alter the incoming flux rope helicity at the flow shear

interface. At the dipole-like field region around the equator at t = 2813 s, the flux rope around

x = −12 RE releases its helicity (see Figure 3.10b). This process alters the strength of shear

Alfvén waves which can be distinguished by the change of By structure. Finally, the helicity of

the flux rope is fully released at t = 2863 s, and the perturbation of transverse magnetic field

propagates away from the equatorial plane along magnetic field lines (see Figure 3.10c).

In addition, ion inertial effects are found to lead to the generation of additional KAWs at

the boundary between the tail-like and dipole-like field, as illustrated in Figure 3.11. Besides

the KAW structure highlighted by black rectangles (shown for the midnight-meridian plane and

the plane z = 0.5 RE) in Figure 3.11a propagating from the magnetotail, new KAWs marked

as white rectangles in Figure 3.11a are generated at the inner edge of the flow braking region in

front of the dipole-like field. This is due to ion inertial effects. Figure 3.11b and Figure 3.11c
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(a)

(b)

(c)

Figure 3.11: (a) Contours of By in the equatorial and noon-meridian plane at t = 2963 s;
Time variation of contours of transverse magnetic filed (By) and parallel current density (J‖),
parallel electric field (E‖) in the plane (b) y = 0 RE and (c) z = 0.5 RE in a time sequence of
t = 2870 s, t = 2920 s, t = 2963 s and t = 3035 s.
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shows the generation and propagation of the new KAWs in the midnight-meridian plane and

the plane z = 0.5 RE , respectively. The black arrows in these figures show the flow vectors.

At t = 2870 s, there is no signature of KAWs in the near-Earth region of x > −11 RE , and a

close examination of the flow vectors shows that fast flows have also not arrived there yet. This

is because magnetotail reconnection is firstly initiated on the dawnside and duskside close to

the equatorial magnetopause, not in the midnight region. It is developed in the midnight region

at a later time. Nevertheless, at t = 2920 s in Figure 3.11b and Figure 3.11c, fast flows due to

reconnection have arrived at x ' −11 RE in this midnight region, and there are well correlated

structures in By, J‖ and E‖ (marked as the white circles), exhibiting the features of KAWs

similar to Figure 3.4. In this region, charge separation occurs because of the larger inertia of

ions than electrons. Ions penetrate deeper into the magnetosphere before being stopped by the

strong magnetic field. As a result, a pair of parallel currents appear, as previously found by

Swift et al. (2001) [127] based on a 2-D global hybrid simulation. The wave power increases

at t = 2963 s. Then, the waves propagate to the high latitudes along magnetic field lines.

At t = 3035 s, the waves have gone further away from the equatorial plane and cannot be

shown in the plane of z = 0.5 RE . A global diploarization is also seen over the time period

from t = 2870 s to t = 3035 s, which causes the expansion of the dipole-like geomagnetic field

region. Figure 3.11c shows the corresponding structures in the plane z = 0.5RE . The localized

structures highlighted by the white circles in Figure 3.11c are the near-equatorial counterparts

of these new KAWs. These waves are identified as KAWs in the same manner as the waves in

the magnetotail (see Figure 3.6).

Figure 3.12 shows the polarization relation and Walén relation along the green line marked

in the contour plot of J‖ in Figure 3.12b. δE⊥ and δB⊥ in Figure 3.12a are also well correlated,

with δE⊥ = −1.46δB⊥VAy in z > 0 and δE⊥ = 1.27δB⊥VAy in z < 0. The ratio of δE⊥/δB⊥

in z > 0 and z < 0 has different signs due to the opposite direction of k‖. The perpendicular

wave number k⊥ρi ∼ 0.2 − 1.1 in these waves. The polarization relation in Figure 3.12a is

consistent with the theoretically predicted ratio with |δE⊥/δB⊥| ' 1.02VA − 1.48VA based

on equation (1.12). Based on equation (1.16), the theoretically predicted relation between the

perturbation of velocity and magnetic field is δViy ≈ 0.27 − 0.93δVAy. The Walén relation in
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Figure 3.12: (a) Polarization relation and (b) Walén relation: The corresponding δE⊥ vs δB⊥
and δViy vs δVAy both from t = 2963 s to t = 2985 s along the green line segment marked in
the contour of J‖ in Figure 3.12b in the plane y = 0 RE . The solid black lines show the fitted
values based on the simulation data.

Figure 3.12b with δViy = −0.97δVAy in z > 0 and δViy = 0.67δVAy in z < 0 is also consistent

with theory.

Figure 3.13 presents the time variations of the same quantities as shown in Figure 3.8

at (x, y, z) = (−11.1, 0.5, 0.6) RE in the flow-braking region. Before t = 2870 s, Bx is

dominant, Bz � Bx, and thus the magnetic field line is more stretched (see Figure 3.13b).

The flow velocity is very small, as seen from Figure 3.13d, indicating there is no fast flow yet

at this near-midnight location. The shaded region from t = 2870 s to t = 3034 s shows one

event of KAWs generated around this position. A pulse of By is generated during this time

interval, as shown in Figure 3.13b. Near the end of the interval, the background Bx decreases

while Bz, the field strength B (as shown in Figure 3.13a) and the average ion perpendicular

temperature (as shown in Figure 3.13f) also have a sharp increase, indicating that the position

is now inside the dipole-like region due to the global dipolarization and the By wave pulse is

located just at the edge of the dipole-like field region. Unlike the KAWs in the magnetotail,
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Figure 3.13: Time variation of (a) magnetic field, ion density, (b) x, y, z components of mag-
netic filed, (c) x, y, z components of electric filed, (d) ion flow velocity, (e) field-aligned elec-
tric field and current density, (f) parallel and perpendicular temperature from t = 1682 s to
t = 3794 s at the position (x, y, z) = (−11.1, 0.5, 0.6) RE . The shaded region from t = 2870 s
to t = 3034 s shows one event of KAWs generated around this position.

here near the flow braking, Vix from t = 2870 s to t = 3034 s is very small (see Figure 3.13d).

While the perturbation of the magnetic field is mainly in the y-direction, the pulse of electric

field perturbation has both Ex and Ez components (see Figure 3.13c) since k⊥ is oblique in the

xz plane. Correspondingly, the wave pulse is also seen in Viy and VAy (Figure 3.13d), J‖ andE‖

(Figure 3.13e), and both ion temperatures T‖ and T⊥ (Figure 3.13f). Note that compressional

wave perturbations are also frequently present in the flow braking region. As seen in Figure

3.13, just a few tens of seconds after t = 3037 s, a large-amplitude compressional wave pulse

is generated, with clear enhancements in B and ion perpendicular temperature. There is an

anti-phase correlation between B and N .

3.5 Propagation of Poynting Flux

Since shear Alfvén waves/KAWs generated in the equatorial magnetotail must interact with

the transition region between the tail-like and dipole-like fields before they can propagate to
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Figure 3.14: (a) Contour of B in the equatorial plane at t = 2548 s ; (b) Line plots of S||/B
versus α along the magnetic field lines as shown in Figure 3.14a at t = 2491 s (blue) t = 2513 s
(red), t = 2527 s (black) and t = 2548 s (white), respectively, where α = 90◦ − θ with θ being
the polar angle; time evolution of (c) Alfvénic wave energy (∆EAW ) and (d) electromagnetic
wave energy (∆EEM ) flowing out of the spherical shell over the nightside from t = 2147 s
to t = 3794 s with black dash line from r = 7.0 RE to r = 8.0 RE , magneta dash line from
r = 8.0 RE to r = 9.0 RE , red line from r = 9.0 RE to r = 10.0 RE , cyan line from
r = 10.0 RE to r = 11.0 RE , blue line from r = 11.0 RE to r = 12.0 RE . Parts of the
interface bewteen the surface of the sphere and the equatorial plane are marked as black dash
curves in Figure 3.14a

the ionosphere, as discussed above, it is important to understand whether the Poynting flux

follows a direct mapping from the plasma sheet to the ionosphere. In the following we estimate

how much Alfvénic wave energy can be transmitted across this transition region around r ∼

10.0 RE . Figure 3.14a shows the contours of B in the equatorial plane at t = 2548 s, with ion

flow velocity superposed as black arrows. Colored lines in the figure are a magnetic flux tube

tracked from t = 2491 s to t = 2548 s. The transition region between the dipole-like magnetic

field region and the tail-like region is around r = 10.0 RE-11.0 RE . Note that the dashed lines

56



in the equatorial plane in Figure 3.14a mark various geocentric distances. The ratio between the

parallel Poynting flux and the magnetic field strength, S‖/B, along the field line as a function

of the latitude α at various times are shown in Figure 3.14b, where α = 90◦ − θ with θ being

the polar angle. At t = 2491 s, the flux tube is stretched tail-like around the equator, going

through the plasma sheet. As time proceeds, the flux tube moves earthward. If there were

steady driving of Alfven waves and all the wave power in the plasma sheet propagated into the

inner magnetosphere along the flux tube, the ratio S‖/B should tend to be nearly a constant,

considering that the flux tube cross section area is inversely proportional to B. The results

in Figure 3.14b, however, show clearly that not all the wave energy reaches the ionosphere.

Overall, the value of S‖/B is quite different between the tail-like part of the field line (near

equator, with α < 10◦) and dipole-like region (higher latitudes). The ratio remains nearly

constant only inside the dipole-like field region ( α > 30◦) on the earthward side of the tail-

dipole transition region, as seen from Figure 3.14b.

At t = 2491 s, S‖/B peaks at α ' 3◦ near the equator where the source of KAW in the

tail is, which is outside the transition region, with the peak value ∼ 10.5 × 10−6 W/(m2nT).

As discussed in Figure 3.10, the structure of KAWs from the tail are then significantly altered

by the flow braking region. A dip is seen in the ratio S‖/B at α ' 7◦, and then another much

weaker peak appears, associated with the Poynting flux both transimitted from the magnetotail

and locally generalized, which only reaches 1.7× 10−6 W/(m2nT) at α = 13◦ in Figure 3.14b

for t = 2491 s. The ratio then decreases from α = 13◦ to α = 30◦, which is likely due to ion

Laudau damping. The ratio then reaches nearly constant in α > 30◦.

At t = 2513 s, the peak value of S‖/B near the equator has decreased to about 6.2 ×

10−6 W/(m2nT) as the tail flux tube moves closer to the Earth and some waves have propagated

away from the equator. Again, S‖/B decreases significantly from the tail-like to dipole-like

field region. The tail KAWs continue to propagate away at t = 2527 s. By t = 2548 s, the flux

tube has moved to L ' 12 RE (see the white field line in Figure 3.14a), and the wave energy

has spread out over the field line. At later times, part of Shear Alfvén wave/KAW energy is

seen to be reflected at the inner boundary, similar to that described in Guo et al. (2015) [50].

Given that the average Alfvén speed along the magnetic field lines is around 1500 km/s, it
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takes about 80 − 100 s for Shear Alfvén waves/KAWs to arrive at the inner boundary and be

reflected. The peak values of S‖/B at α ' 3◦ at t = 2491 s and t = 2548 s are roughly

corresponding to the initial and final stage, respectively, of the source Poynting flux associated

with a fast flow event outside the transition region. The difference between these two peak

values is ∼ 10.5 × 10−6 W/(m2nT) as the source Alfvénic energy from the tail propagates

away over this time interval. Similarly, the difference between the two peak values at α ' 13◦,

∼ 1.5×10−6 W/(m2nT), roughly corresponds to the increase of Alfvénic energy in the dipole-

like field region as a result of the fast flow event. Such a result indicates that a factor of less than

1.5×10−6/10.5×10−6 ∼ 1/7 of the Alfvénic wave energy from the magnetotail goes across the

transition region into the dipole-like field region during the fast flow period. After a decreasing

of the wave power over α, the values of S‖/B remain nearly constant in α for α > 30◦ with

S‖/B ∼ 1.49 × 10−6 W/(m2nT) at t = 2491 s and S‖/B ∼ 0.77 × 10−6 W/(m2nT) at

t = 2548 s. As a result, the Poynting flux received in the ionosphere during the period from

t = 2491 s to t = 2548 s can be estimated as ∼ 0.72× 10−6 W/(m2nT). Overall, roughly less

than 0.72 × 10−6/10.5 × 10−6 ∼ 1/14 of the Alfvénic wave energy from the magnetotail fast

flow reaches the ionosphere.

Figure 3.14c shows the time evolution of Alfvénic wave energy (∆EAW ) flowing out of

the spherical shell over the nightside for different radii, where ∆EAW (r1, r2, t) = EAW (r1, t)−

EAW (r2, t) with EAW (r, t) being written as,

EAW(r, t) = −
∫ t′=t

t′=2147

∫ φ=3π/2

φ=π/2

∫ θ=π

θ=0
S‖ · r̂r2 sin(θ) dθ dφ dt′, (3.1)

with r̂ being the unit vector in the radial direction and (r, θ, φ) giving the radial distance, polar

angle, and azimuthal angle. From r = 12.0 RE to r = 10.0 RE , the total Alfvénic wave

energy is increasing as seen by an over all increasing positive ∆EAW (see the blue and cyan

line), which means there are new sources of shear Alfvén wave coming from the tail to the tail-

dipole field transition region. Evidence of the decrease of shear Alfvénic wave energy from the

magnetotail to the inner magnetosphere can also be seen in Figure 3.14b.

In the dipole-like field region, the wave energy decreases from r = 9.0 RE to r = 7.0 RE

as seen by an over all decreasing negative ∆EAW (see the black and magenta line) in Figure
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3.14c. Such a decrease may be due to ion Landau damping. Note that our simulation also shows

that shear Alfvén waves/KAWs are present throughout the inner magnetosphere [79]. They

may be generated by mode conversion from compressional waves that propagate across the

field lines from the tail. Such a process of coupling between the compressional and transverse

modes will be investigated elsewhere. The presence of KAWs, including kinetic field-line

resonance, in the inner magnetosphere has been observed by Chaston et al. (2014) [23].

The region from r = 10.0 RE to r = 9.0 RE is not fixed in the tail-dipole field transition

region or dipole-like field region. The total Alfvénic wave energy would not be keeping de-

creasing or increasing (see the red line in Figure 3.14c). For example, the region is located in

the tail-dipole field transition region and ∆EAW is increasing from t = 2147 s to t = 2404 s.

From t = 2404 s to t = 2662 s, the region is located in the dipole-like field region due to the

global dipolarization and ∆EAW is decreasing.

To assess the contribution of the new local source and external source to EAW , Figure

3.14d shows the time evolution of electromagnetic wave energy, (∆EEM ), flowing out of the

spherical shell over the nightside for different radii. The quantityEEM is calculated in a similar

way as EAW by substituting S‖ with S. Since mode conversion from compressional wave to

Alfvén wave does not change the value of EEM . The increase of EEM is the Alfvénic wave

energy totally coming from the local source. Overall, the lines in Figure 3.14d have the same

trends with those in Figure 3.14c. However, ∆EEM(11, 12, t) and ∆EEM(10, 11, t) at t =

3794 s have a value of 7.3×1013 J and 4.1×1013 J, respectively, smaller than ∆EAW (11, 12, t)

and ∆EAW (10, 11, t) with a value of 8.5×1013 J and 5.7×1013 J, respectively. This is because

parts of compressional wave energy are converted to Alfvénic wave energy. In a word, the

generation of much of the wave energy is local while some of the wave generation is likely due

to mode conversion.

The pattern of Parallel Poynting flux carried by Alfvén waves in the ionosphere is ob-

tained by mapping of the inner boundary at r = 3.5RE along the geomagnetic field lines

to r = 1.01RE as shown in Figure 3.15a. The contour of parallel Poynting flux is viewed

from the south, with the midnight on the bottom, dawn on the right, and the dashed circles

marking the geomagnetic latitude (MLAT). The negative parallel Poynting flux with a peak
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of −2.0 ergs cm−2s−1(mW/m2) is centered at 70◦ latitude in the nightside ionosphere and

flowing downward. Figure 3.15b shows the ion energy flux, 15 minutes after the substorm

onset, from statistical result of DMSP satellites from 1996 to 2007, adapted from Wing et al.

(2013) [139]. The overall ion energy flux is centered around 67◦ latitude with a smaller peak of

0.25 ergs cm−2s−1. The pattern from hybrid simulation result is centered at 3◦ latitude higher

than the statistical result with a higher value. That is reasonable because of the fact that the lat-

itude and values are correlated with the solar wind conditions and the hybrid result is obtained

from only a single case.

Figure 3.15: Contours of (a) parallel Poynting flux from simulation result at t = 3085s and
(b) ion energy flux from statistical result of DMSP satellites adapted from Wing et al. (2013)
[139], viewed from the south, with the midnight on the bottom, dawn on the right, and the
dashed circles marking the geomagnetic latitude (MLAT).

3.6 Ion Acceleration in the Magnetotail

To interpret ion acceleration in the magnetotail, a typical ion is traced as seen in Figure 3.16.

The ion is initially at 1.2RE above the equator on the dawn side near the reconnection region.
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Significantly ion acceleration up to 50keV at different locations are seen by the color of the

points.

Figure 3.16: Trajectory of a typical ion from t = 2362s to t = 2936s is projected on the x− y
plane. The colors of the balls show the ion kinetic energy level.

Figure 3.17 show the diagnostics of ion acceleration with details. Line plots are the posi-

tions of ions, x and y position in small range, z position in small range, magnetic field strength

(B) and ion number density (N ), three components of E+Vi×B, total kinetic energy (KEtotal)

with parallel component (KE||) and perpendicular component (KE⊥), first adiabatic invariant

(µ), three components of electric field, and J|| and E|| along the trajectory of the typical ion

in Figure 3.16. The gray patches denote the plasma sheet in the magnetotail while the yel-

low patch marks the plasma sheet near the flow-braking region. At time t0 = 2380s, the ion

with kinetic energy KEtotal = 0.6keV is at 1.0RE above the equator with x = −15.1RE and

y = −9.3RE on the dawn side near the reconnection region as seen in Figure 3.17b-c and

Figure 3.17j. X-line point is around x = −15.0RE. The ion is initially in the lobe with the

high magnetic field strength (46nT) and low ion number density (0.3cm−3) as seen in Figure

3.17d. Then the ion moves toward the plasma sheet, crossing the plasma sheet boundary layer

and arriving at the reconnection site at t1 = 2497s (see Figure 3.17k). Before t1 = 2497s,

61



three components of E + Vi × B are very small because the magnetic field line is frozen in

the plasma with E + Vi ×B = 0 nearly satisfied. At t1 = 2497s, the ion decouples from the

magnetic field line as shown by the large values of three components of E + Vi ×B. The ion

is accelerated to a peak energy of 42.9keV. The parallel acceleration up to 2.5keV (see the en-

hancement of KE|| in Figure 3.17f) is seen first in the boundary layer at t1 = 2497s by KAWs

(see the finite value of J|| and E||). Then, significantly large perpendicular ion acceleration up

to 39.5keV at t = 2518s is seen by the increase of KE⊥ in Figure 3.17f. Following that is

the perpendicular kinetic energy is transferred to parallel kinetic energy. Meantime, the total

kinetic energy is also increasing from 41.4keV at t = 2518s to around 42.9keV at t = 2519s.

That means around 1.5keV of the parallel kinetic energy are from the acceleration of E|| within

one second. The first adiabatic invariant (magnetic moment µ = mv2
⊥/(2B)) shown in Figure

3.17g is no longer a constant in the plasma sheet. As Liang et al. (2017) [76] presented, an

increase in the gyro-averaged magnetic moment causes perpendicular stochastic heating when

ion is accelerated. Then the ion is trapped by KAWs as seen by the periodical perturbation of

KE⊥ from 2525s to t4 = 2658s correlated with finite J|| and E||, and strong perturbation of

electric field (see Figure 3.17h ).

The ion moves earthward with KAWs to the flow-braking region with (x, y, z) = (−7.8,−7.4,−1.8)RE

at t2 = 2535s (see Figure 3.17l). The first adiabatic invariant at the flow-braking region is

smaller than that of the plasma sheet in the magnetotail. The ion precipitates along field lines

into r = 9RE at t = 2597s and then be bounced back to the plasma sheet in the magnetotail at

t3 = 2610s. The acceleration of the ion in the magnetotail plasma sheet marked as the second

gray patch is quite similar with the first one. The ion is drifted duskward to y = −2.9RE owing

to the magnetic gradient and curvature drift at t4 = 2658s. From t4 = 2658s to t5 = 2716s,

the ion moves toward the ionosphere and be bounced back to the plasma sheet. Few KAWs are

found in this region because the reconnection near midnight is weak during this time interval.

The ion is then drifted to the duskside and accelerated by another KAW (see Figure 3.17m).

The ion are accelerated from 27keV at t = 2743s to 40keV at t6 = 2783s in an average energy

level. From t6 = 2783s, the ion number density keeps increasing to 5.7cm−3, a higher ion

number density than the average value in the plasma sheet. The ion is crossing the low-latitude
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boundary layers seen by the contour plot of ion number density (N ) in Figure 3.17n. During

the crossing, the ion is further accelerated to 53.5keV by the Kelvin–Helmholtz instability at

the boundary layer. The acceleration mechanism is not KAW because of the nearly zero value

of three components of E + Vi × B and E||. Then the ion moves tailward with the tailward

convection flows around the boundary layer.

3.7 Ions Tracing at the Flow-braking Region near Substorm Current Wedge

Ions at the flow braking region on the dawnside near substorm current wedge where fast flows

hit the inner magnetosphere are traced. Figure 3.18 shows the projection of the orbits of ions

traced from t = 2362s to t = 2730s on the equatorial plane. At the initial time, the ions are in

the flow braking region as seen from the black cones in the contour plot of ion number density.

The red rectangle in Figure 3.18 marks the initial positions of the ions. At t = 2730s, most

of the ions drift westward similar as the ions in the ring current. Only around one fourth of

particles drift eastward. The interesting fact is the ions drifting eastward are all in a low energy

level below around 20keV as seen in Figure 3.18b. That is because the magnetic drift making

ions drift westward at the localized position is proportional to ion kinetic energy. E × B drift

can either be westward or eastward at the flow-braking region. The ions with low energy level

can be drifted eastward if the drift velocity of the localized E × B drift is eastward and large

enough to overcome the effect of the magnetic drift.

3.8 Summary

In this chapter, the generation and propagation of KAWs in the magnetotail are studied via a

3-D global hybrid simulation based on ANGIE3D. The main results are:

1. KAWs are generated by the near-tail reconnection, propagating earthward and tailward.

As part of the structure of the reconnection, the electromagnetic fluctuations, parallel

electric, parallel currents, and parallel Poynting fluxes are carried by KAWs to the iono-

sphere. These highly 3-D Alfvénic waves with k⊥ � k‖ are identified by the polariza-

tion and dispersion relations of Alfvén modes. The spectral break of the electromagnetic

power spectral density shows that ion kinetic physics begins to show up at ω ∼ Ωi.
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Figure 3.17: Line plots of (a) position, (b) x and y position in small range, (c) z position in small
range, (d) magnetic field strength (B) and ion number density (N ), (e) three components of
E+Vi×B , (f) total kinetic energy (KEtotal) with parallel component (KE||)and perpendicular
component (KE⊥), (g) first adiabatic invariant (µ), (h) three components of electric field, and
(i) J|| and E|| along the trajectory of the typical ion in Figure 3.16. The gray patches denote
the plasma sheet in the magnetotail while the yellow patch marks the plasma sheet near the
flow-braking region. Contours of B at (j) 2380s, (k) 2497s, (l) 2535s and (m) 2757s in the x−z
plane with typical magnetic field lines; (n) contour of N at 2783s in the x− y plane. Green star
denotes the location of the traced ion.
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Figure 3.18: Projection on the equatorial plane of the orbits of particles traced from (a) t =
2362s with contour of ion number density to (b) t = 2730s at the flow braking region. Red
rectangle marks the initial positions of particles.
.

2. As the shear Alfvén waves generated in the tail plasma sheet encounter the strong dipole-

like field in the flow braking region, their wave power is found to be altered.

3. KAWs are also generated at the inner edge of flow-braking region in front of the dipole-

like field due to the ion inertial effects. Polarization and dispersion relations of these

waves are also presented in this chapter.

4. The total Alfvénic wave energy on the nightside is estimated. Roughly less than 1/7 of

Alfvénic wave energy originating from magnetotail reconnection can cross the transition

region around r = 10.0 RE ∼ 11.0 RE , and less than 1/14 of the Alfvénic wave energy

from the magnetotail reaches the ionosphere. Magnetotail reconnection, local sources at

the flow-braking region, and mode conversion are the sources of Alfvénic wave energy

of the ionosphere.
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5. Overall pattern of ion energy flux is consistent with statistical result of DMSP satellites

except the higher latitude and values, indicating the importance of KAWs on the aurora

brightening. That is reasonable because of the fact that the latitude and values are corre-

lated with the solar wind conditions and the hybrid result is obtained from only a single

case.

6. Ion acceleration in the magnetotail is discussed. The ion is seen accelerated and trapped

by KAWs associated with magnetic reconnection and flow braking. Ions are also ac-

celerated when crossing the low-latitude boundary layer. An increased gyro-averaged

magnetic moment at the stage of ion acceleration indicates the perpendicular stochastic

heating of ions.

7. Most of the ions drift westward due to magnetic drift at the flow braking region near

substorm current wedge. Part of the ions at low energy level (below around 20keV) are

seen to drift eastward when the eastward drift velocity caused by localized E×B drift is

larger than the westward drift velocity caused by the magnetic drift.

It should be pointed out that as the wave propagates closer to the ionosphere, they will be

in the inertial regime when β is less than the electron-to-ion mass ratio me/mi. Nevertheless,

inertial Alfvén waves (IAWs) are not included in the hybrid model, in which electrons are

considered as a massless fluid. Electron Landau damping is also ignored in the model.

The parallel electric field is clearly present in the polarization of KAWs, but its magnitude

in our simulation appears to be larger than that predicted by the linear theory. The magnetic

field perturbations in the KAWs generated in the tail fast flows are of large amplitude (e.g.,

Figure 3.8), and the waves are localized, embedded in the nonuniform plasma. This introduces

uncertainty in the estimate of E‖. In our diagnostics, we have calculated E‖ by projecting E to

the wavy local magnetic field B.

Overall, our simulation presents a comprehensive picture of the generation and structure

of KAWs in the global magnetosphere and their roles in ion acceleration and heating as well

as their connection to the ionosphere. The shear Alfvén waves and KAWs are shown to be sig-

nificant carriers of the parallel currents and Poynting fluxes that are injected to the ionosphere.
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Nevertheless, due to the presence of multiple boundary/transition layers in the magnetosphere,

the magnitude of Poynting fluxes in the tail KAWs is not simply mapped to the ionosphere.

67



Chapter 4

Comparison between Hybrid Simulation and Observations from THEMIS and DMSP

The above results are based on hybrid simulation. By correlating the observations with the

results of the simulations, we will learn about the physics of the coupling of the tail to the

inner magnetosphere and enhance the reliability of our simulation results. Chapter 4 makes a

comparison with observations from THEMIS and DMSP. THEMIS spacecrafts are presently

in the near-Earth near-equatorial region providing evidence and characteristics of fast flows

and Alfvén waves/ KAWs. Meantime, the DMSP observations at low altitude will show when

and where the fast flows and Alfvén waves produce the expected iononspheric precipitation.

Section 4.1 introduces the background of the satellite observation event. Comparison between

hybrid simulation and observations from THEMIS and DMSP satellites is given in Section 4.2.

This satellite observation event is associated with a dipolarization front. The ion heating in

the near-Earth plasma sheet associated with dipolarization is investigated in Section 4.3. The

results are summarized in Section 4.4.

4.1 Background

The solar wind parameters and geomagnetic activity indices are from the OMNI data sets. The

OMNI are located around 245RE away from the Earth in the solar wind in 29-Mar-09. Figure

4.1 shows the OMNI data for 29-Mar-09 from 0300-0700 UT. The quantity plotted in panels

(a)-(e) is labeled on the vertical axis on the right. There is a sharp turn of Bz component from

4 to −2nT at 0400 UT as seen from Figure 4.1a. After that Bz is relatively steady and By

is very small except at about 0440 UT (see Figure4.1b). Bx component is around −4nT (see

Figure 4.1c). Considering the tilt of dipole magnetic field, the reconnection site at the dayside
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magnetopause is around at the equator. Thus, purely southward IMF with Bz = −4.47nT is

selected in the simulation case without tilt of dipole magnetic field to keep the reconnection

site is around at the equator. Mach number is MA = 8.0 with solar wind flow velocity V0 =

405km/s, ion number density N0 = 3.7cm−3, ion temperature Ti0 = 7ev and electron-to-ion

temperature ratio Te0/Ti0 = 2 in the solar wind. The results in this case is quite similar with that

we have obtained from the case in Chapter 3 except the perturbations and fast flows in this case

are relatively weaker. Figure 4.1e shows the Auroral Electrojet (AE) Index, which describes the

disturbance level recorded by auroral zone magnetometers and represents substorm intensity.

The onset of substorm is around 0516 UT as seen by the sharp increase of AE index. Figure

4.1f shows that we are in the early stage of the main phase of a storm as seen by the decrease

of Symmetric H-component (SYM/H) index which describes the geomagnetic disturbances at

mid-latitudes in terms of longitudinally symmetric disturbances for H component (parallel to

the dipole axis).

（a）

（b）

（c）

（d）

（e）

（f）

Figure 4.1: OMNI data for 29-Mar-09 from 0300-0700 UT. The quantity plotted in
panels (a)–(e) is labeled on the vertical axis on the left. Adapted from https :
//omniweb.gsfc.nasa.gov/form/omni min.html
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Figure 4.2 shows the observation event of 29-Mar-09 from 0430-0600 UT by THEMIS

[113]. This event is located on the duskside around 11RE away from the Earth. As shown in

Figure 4.2a, the growth phase starts around 0430 UT and the onset of substorms is around 0516

UT. The locations of THEMIS probes are illustrated in Figure 4.2b. The probes are located

in the pre midnight of the near-Earth magnetotail with x ∼ 11RE − 15RE . THEMIS P3

(green triangle) is located around (x, y, z) = (−11.0, 3.0,−0.3) RE , slightly above the center

of plasma sheet marked by the dash magenta line. Next, we will focus on the observation from

THEMIS P3 (see Figure 4.3) based on the locations where KAWs are found in the magnetotail.

(a) (b)

Figure 4.2: (a) Substorm observed by THEMIS (THEMIS P2, P4, P5 probes); (b) Positions of
THEMIS. Adapted from Sergeev et al. [113].

4.2 Comparison with Observations from THEMIS and DMSP

As seen in Figure 4.3, both magnetic field (see Figure 4.3a and Figure 4.3b) and electric field

(see Figure4.3c) have a larger perturbation from 0515-0530 UT. Meantime, ion flow velocity

(see Figure 4.3d) has a sharp increase denoting the spacecraft is passing by fast flows. Com-

bined with the increase of ion energy (see Figure 4.3e), parallel Poynting flux (see Figure4.3f)

and particle energy flux density (see Figure 4.3g), this event is likely a KAW event.

To compare with the observation from THEMIS P3, a virtual satellite marked as P1 in

Figure 4.4 is put at a fixed location with (x, y, z) = (−11.0, 6.0, 0.6) RE . This location is
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Figure 4.3: Data from THEMIS P3 on 29 March 2009 from 0430 − 0600UT. Plotted are (a)
GSM components of the magnetic field, (b) field aligned coordinates of the magnetic field, (c)
field aligned components of the electric field, (d) GSM components of ion velocity, (e) ion
energy spectrum, (f) Poynting flux and (g) energy flux density. Black circle marks a KAW
event from 0515− 0530UT.

chosen based on two criteria. Firstly, it is at the location where a dipolarization would pass

by near dipole-like and tail-like magnetic field transition region. Secondly, the location should

be above the plasma sheet center most of the time. Since the center of plasma sheet is around

at the equator in hybrid simulation, a positive z is selected to make sure the virtual satellite is

roughly above the center of the plasma sheet same as THEMIS P3. Considering the dipolar-

ization is weak at (x, y, z) = (−11.0, 3.0, 0.6) RE as shown in Figure 4.4, the location of the

virtual satellite is shifted duskward about 3.0 RE . The simulation time when the dipolarization

arrives the virtual satellite is corresponding to 0516UT when the dipolarization is observed by

THEMIS P3. At 0502UT, a weak dipolarization with Bz ∼ 5nT marked by the red rectangle

in Figure 4.4a occurs at 17.0 RE at the equator along the line y = 6.0 RE . As time proceeds,
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the dipolarization propagates earthward and becomes stronger with Bz ∼ 12nT . Fourteen

minutes later, the dipolarization arrives the virtual satellite as shown in Figure 4.4b. Behind the

dipolarization are the fast flows with a peak of 443km/s.

Figure 4.4: Contours of Bz in the equatorial plane at (a) 0502UT and (b) 0516UT show the
propagation of dipolarization in hybrid simulation. White point marked as P1 denotes the
location of a virtual satellite; red rectangle denotes the dipolarization; Black cones denote ion
flow velocity.

Our hybrid simulation results are consistent with the observation results as shown in Figure

4.5 and Figure 4.6. Figure 4.5 shows GSM components of the magnetic field and electric

field from THEMIS D (P3) probe (black lines) and hybrid simulation (colorful lines) from

0500 − 0550UT . Starting from t1 = 0516UT, Bz is increasing overall, which denotes the

arriving of dipolarization. The effects of substorm begin to be detected in the region. After

t1, strongly wave activities lasting for 18 minutes are seen from t1 to t2 = 0534UT by the

perturbations of magnetic field and electric field. As seen from Figure 4.5a-c, The perturbations

of magnetic field and electric field are around 10nT (see Figure 4.5a–c) and 10mV/m (see

Figure 4.5d–f). Rare wave activities are seen before t1 and after t2. Figure 4.6 shows magnetic

field strength, ion number density, GSM components of the ion flow velocity, and parallel

Poynting flux. From t1 to t2, the oscillation of ion number density is anti-phase with that of

the magnetic field as shown in Figure 4.6a-b . The earthward ion flow velocity of fast flows

is a few hundred kilometers per second with a peak of around 600km/s (see Figure 4.6c-e).
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Figure 4.5: Plotted are GSM components of the magnetic field and electric field from THEMIS
D (P3) probe and hybrid simulation.

The fast flows pass by every 2 − 4 minutes. The peak of parallel Poynting flux is around

0.05 − 0.1mW/m2. In Figure 4.6f, Poynting flux could be either positive (when the probe is

above plasma sheet center) or negative (when the probe is below plasma sheet center) due to

the flapping of plasma sheet. Here, we only care about the strength of the Poynting flux.

The wave activities discussed above are KAWs as shown in Figure 4.7. Figure 4.7 shows

the time evolution of contours of parallel current density (J‖), parallel electric field (E‖), trans-

verse magnetic field (By), and parallel Poynting flux (S‖ ) in the xz plane at y = 6.0 RE . At

0502 : 41 UT, the values of By, J‖, E‖, and S‖ are very small. There is no signatures of KAWs

at the location of the virtual satellite P1. At 0506 : 19 UT the structures marked by the green

rectangles are quite similar with KAWs diagnosed in Chapter 3 except the relatively smaller

values of the perturbations, J‖ and E‖. As time proceeds from 0502 : 41 UT to 0506 : 19 UT,

the KAWs generated in the magnetotail propagate to near-earth dipole-like region and KAWs
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Figure 4.6: Plotted are (a) magnetic field strength, (b) ion number density, (c-e) GSM compo-
nents of the ion flow velocity, and (f) parallel Poynting flux from THEMIS D(P3) probe and
hybrid simulation.

generated in the flow-braking region also appears. The two kind of KAWs are both denoted by

the green rectangles in Figure 4.7.

What happened at the meantime in the ionosphere? THEMIS P3(D) locations (when

the parallel pointing flux is observed) are mapped to the ionosphere using Tsyganenko T96

model: (MLAT,MLT ) = (−68.8, 22.75) to (−67.3, 22.8). The Tsyganenko models are

semi-empirical magnetic models , based on observations of a large number of satellites (IMP,

ISEE, POLAR, Geotail, etc). The closest conjunction in time and space from DMSP are DMSP

F17 from 0521− 0522UT marked as cyan line in Figure 4.8a. Evidence of broadband accelera-

tion (proxy for Alfven waves) is shown in Figure 4.8b during this time.The locations of DMSP

F17 at 0521 UT and 0522 UT are mapped to the equator at (x, y, z) = (−24.0, 9.7, 0) RE

(see the line L1 in Figure 4.9) near the location of magnetic reconnection and (x, y, z) =
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Figure 4.7: Contours of (a) transverse magnetic field (By), (b) parallel current density (J‖), (c)
parallel electric field (E‖) and (d) parallel Poynting flux (S‖) at 0502 : 41 UT and 0506 : 19 UT
with typical magnetic field fines and ion flow velocity(black cones) in the plane y = 6.0 RE .

(−11.1, 7.6, 0) RE (see the line L2 in Figure 4.9) in the flow-braking region on the duskside,

respectively. These locations are in the regions where KAWs are found in our simulation as

shown in Section 3.3 and Section 3.4. Other DMSP events including F13 0538 − 0544 at

MLT = 23 : 30 − 02 : 00 and F16 0608 − 0612 at MLT = 00 : 39 − 02 : 17 during the

same period are mapped to around (x, y, z) = (−9.2,−5.4, 0) RE (see the line L4 in Figure

4.9) in the flow-braking region and (x, y, z) = (−18.2,−7.7, 0) RE (see the line L3 in Figure

4.9) near the location of magnetic reconnection on the dawnside, respectively. In a summary,

THEMIS and DMSP observations show the presence of shear Alfvén signatures under a similar

upstream condition, associated with fast flows. The coordinated THEMIS and DMSP events

illustrate the spatial connection between the local plasma sheet and the ionosphere. The shear
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Alfvén events of DMSP are mapped to various locations in the plasma sheet, similar to the

simulation.

(a) (b)

Figure 4.8: (a) Locations of DMSP F17 from 0521–0522 UT (cyan line) and (b) spectrum of
energy and energy flux for ions and electrons, respectively.

L1 L2

L3 L4

Figure 4.9: Typical magnetic field lines mapped to the equator from the ionosphere for near-
Earth magnetotail (L1 on the duskside and L3 on the dawnside) and flow-braking region (L2
on the duskside and L4 on the dawnside), where magenta lines are obtained from DMSP F17
event, and the orange and black lines are from DMSP F13 and F16 events, respectively.
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4.3 Ion Heating in the Near-Earth Plasma Sheet Associated with Dipolarization

The ion velocity distributions f(V||, V⊥1) (left column) and f(V||, V⊥1) (right column) at the

location of virtual satellite P1 associate with dipolarization are shown in Figure 4.10. V|| is

along the local magnetic field line, V⊥1 is in x−z plane and perpendicular to the magnetic field

line and V⊥2 is perpendicular to both V|| and V⊥1. Before the peak of dipolarization arrives, a

high-speed earthward ion beam, centered at about V|| = 350km/s, is observed at t = 0516 :

49UT, coexisting with another lower-speed tailward ion beam at about V|| = −250km/s. V⊥2

is around −180km/s for both of them with V⊥1 ∼ 0km/s as shown in the top panels in Figure

4.10. The dominating parallel ion heating is likely as a result of the parallel electric field carried

by KAWs and reflected KAWs at the inner boundary. The two beams begin to merge as shown

in the middle panels at t = 0517 : 24UT. The tailward ion beam encounters the dipolarization

and is reflected earthward by the earthward propagating dipolarization due to the dipolarization

front-associated Ey field as illustrated by Zhou et al. (2010) [145]. Then ion beam is braked

to be centered at V|| = 150km/s in the parallel direction by the dipole-like field while ions are

heated by Betatron heating to be centered at V⊥2 = −450km/s and V⊥1 = 100km/s as seen by

the bottom panels at t = 0518 : 43UT.

4.4 Summary

In this chapter, our simulation result are compared with the observations from THEMIS and

DMSP satellites. The results are shown below.

1. The wave structure during a substorm is investigated in the simulation. Our hybrid sim-

ulation results are consistent with THEMIS P3(D) observations.

2. Kinetic Alfvén waves are observed by THEMIS in the plasma sheet, and the corre-

sponding shear Alfvénic signatures are observed by DMSP. The shear Alfvén events

observed by DMSP are found to be mapped to various locations in the plasma sheet

from x = −25 RE (consistent with magnetic reconnection region in our simulation) to

x = −9 RE (consistent with the flow-braking region in our simulation).
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t = 05:16:49

t = 05:17:24

t = 05:18:43

Figure 4.10: Ion velocity distributions f(V||, V⊥1) (left column) and f(V||, V⊥2) (right column)
at the location of virtual satellite P1, at t = 0516 : 49UT, t = 0517 : 24UT, and t = 0518 :
43UT. V|| is along the local magnetic field line, V⊥1 is in x − z plane and perpendicular to the
magnetic field line and V⊥2 is in the direction to complete the orthogonal coordinate.

3. Ion velocity distributions at the location of virtual satellite P1 near dipolarization are

investigated. The parallel ion heating is likely as a result of the parallel electric field

carried by KAWs and reflected KAWs at the inner boundary. The two beams merge

due to the tailward ion beam encounters the dipolarization and is reflected earthward by

the earthward propagating dipolarization. Eventually, parallel energy is transferred to

perpendicular energy at the flow-braking region.
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Chapter 5

Summary and Future Work

In this work, a comprehensive investigation based on 3-D global hybrid simulation has been car-

ried out to understand the generation and dynamics of the KAWs associated with reconnection

and fast flows in the magnetotail. The simulation results are correlated with the observations

from THEMIS and DMSP satellites. The main results are:

1. KAWs are generated by the near-tail reconnection, propagating earthward and tailward.

As part of the structure of the reconnection, the electromagnetic fluctuations, parallel

electric, parallel currents, and parallel Poynting fluxes are carried by KAWs to the iono-

sphere. These highly 3-D Alfvénic waves with k⊥ � k‖ are identified by the polariza-

tion and dispersion relations of Alfvén modes. The spectral break of the electromagnetic

power spectral density shows that ion kinetic physics begins to show up at ω ∼ Ωi.

2. As the shear Alfvén waves generated in the tail plasma sheet encounter the strong dipole-

like field in the flow braking region, their wave power is found to be altered.

3. KAWs are also generated at the inner edge of flow-braking region in front of the dipole-

like field due to the ion inertial effects. Polarization and dispersion relations of these

waves are also presented.

4. The total Alfvénic wave energy on the nightside is estimated. Roughly less than 1/7 of

Alfvénic wave energy originating from magnetotail reconnection can cross the transition

region around r = 10.0 RE ∼ 11.0 RE , and less than 1/14 of the Alfvénic wave energy

from the magnetotail reaches the ionosphere. Magnetotail reconnection, local sources at
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the flow-braking region, and mode conversion are the sources of Alfvénic wave energy

of the ionosphere.

5. The overall pattern of ion energy flux is consistent with the statistical result of DMSP

satellites except for the higher latitude and values. That is reasonable because of the fact

that the latitude and values are correlated with the solar wind conditions and the hybrid

result is obtained from only a single case.

6. Ion acceleration in the magnetotail is discussed. The ion is seen accelerated and trapped

by KAWs associated with magnetic reconnection and flow braking. Ions are also ac-

celerated when crossing the low-latitude boundary layer. An increased gyro-averaged

magnetic moment at the stage of ion acceleration indicates the perpendicular stochastic

heating of ions.

7. Most of the ions drift westward due to magnetic drift at the flow braking region near

substorm current wedge. Part of the ions at low energy level (below around 20keV) are

seen to drift eastward when the eastward drift velocity caused by localized E×B drift is

larger than the westward drift velocity caused by the magnetic drift.

8. The wave structure during a substorm is investigated in the simulation. Our hybrid sim-

ulation results are consistent with THEMIS P3(D) observations.

9. Kinetic Alfvén waves are observed by THEMIS in the plasma sheet, and the corre-

sponding shear Alfvénic signatures are observed by DMSP. The shear Alfvén events

observed by DMSP are found to be mapped to various locations in the plasma sheet

from x = −25 RE (consistent with magnetic reconnection region in our simulation) to

x = −9 RE (consistent with the flow-braking region in our simulation).

10. Ion velocity distributions at the location of virtual satellite P1 associate with dipolariza-

tion are investigated. The parallel ion heating is likely as a result of the parallel electric

field carried by KAWs and reflected KAWs at the inner boundary. The two beams merge

due to the tailward ion beam encounters the dipolarization and is reflected earthward by

80



the earthward propagating dipolarization. Eventually, parallel energy is transferred to

perpendicular energy at the flow-braking region.

The simulation in the previous chapters is only focusing on cases with purely southward

IMF. There are still a lot of work to do mainly in two directions as listed below.

Firstly, the magnetospheric preconditioning can affect the response of the inner magneto-

sphere [72]. In the future, the steady southward IMF cases will be extended to include the IMF

direction change. The IMF direction change can be carried into the simulation domain by an

interplanetary rotational discontinuity(RD) with different width. Cases in which the IMF Bz

component is initially northward and then turns southward will be investigated under different

solar wind conditions. By looking at the southward turning following a northward IMF, we will

examine the effect on the generation, dynamics evolution, and trend of Alfvénic fluctuations in

the tail magnetosphere and its impact on the ionosphere.

Secondly, since a fraction of IMF By can penetrate into the plasma sheet, a guide field

reconnection may exist in the tail. The strength of Alfvénic and compressional waves as well as

the energy carried by KAWs depend on the guide field [75]. Previous global MHD simulations

indicated that in the presence of the IMF By, the plasma sheet exhibits a twist and/or stretch

[121]. Satellite observations found that the IMF By causes the tail field to depart from bilateral

symmetry [72]. The asymmetry of fast flows and Alfvénic fluctuations will be examined under

southward IMF with a stronger guide field By.
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Appendix A

A.1 Derivation of Walén Relation for KAWs

The set of the basic equations based on the kinetic-fluid theory [24] can be written as

ρ
dV

dt
= J×B−∇ · P −∇ ·Π, (A.1)

dρ

dt
= −ρ∇ ·V, (A.2)

∂B

∂t
= −∇× E, (A.3)

∇×B = J, (A.4)

where ρ and V are mass density and bulk velocity of one fluid, respectively, and P and Π are
diagonal pressure tensor element and off-diagonal pressure tensor element, respectively. The
charge quasi-neutrality condition, nee =

∑
i niqi, is assumed. Substituting the J × B term

in equation (A.1) using the perpendicular generalized Ohm’s law [71] and ignoring electron
inertial terms, we have

E⊥ + V ×B =
1

nee
∇⊥ · (P + Π) + ρ

dV⊥
dt

. (A.5)

The gyroviscosity contribution is given by [24]

∇⊥ ·Π = ∇⊥δPc + b̂×∇⊥δPs, (A.6)

where b̂ is the unit vector along the background magnetic field, δPc =
∫
d3v

mv2⊥
2

cos 2θδf and

δPs =
∫
d3v

mv2⊥
2

sin 2θδf with θ being the particle gyrophase angle between b̂ and k̂⊥(the
unit vector along the perpendicular wave vector directions). Fourier transforming fields and
ignoring the background gradients and parallel magnetic field fluctuations (this approximation
is valid for the whole derivation), the following equation can be obtained from equation (A.5)

V⊥ ×B + (Γ0 − Γ1) E⊥ = 0, (A.7)
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where Γn = In(b)e−b, with b = k2
⊥ρ

2
i and In being the modified Bessel function of first kind

of order n. The gyroviscosity term is conveniently considered together with the ρdV⊥
dt

term
because

b̂×∇⊥δPs =
(

1− Γ0

b
− (Γ0 − Γ1)

)
ρ
∂

∂t

E×B

B2
. (A.8)

Let us define a new velocity variable

Ṽ ≡ V +
(

1− Γ0

b
− (Γ0 − Γ1)

)
E×B

B2
. (A.9)

The Ohm’s law is then reduced to

Ṽ =
1− Γ0

b

E×B

B2
, (A.10)

where
Ṽ =

1− Γ0

b

1

Γ0 − Γ1

V. (A.11)

In transforming these equations to real space from their Fourier representation, we employ the
Padé approximation, which leads to

1− Γ0

b
∼ 1

1 + b
, (A.12)

and (
1− Γ0

b

)
1

Γ0 − Γ1

∼ 1 + 1.25b. (A.13)

The Padé approximation implies upon inversed Fourier transform that

(
1− ρ2

i∇2
⊥

)
Ṽ⊥ ≈

E×B

B
, (A.14)

and (
1− 1.25ρ2

i∇2
⊥

)
V⊥ ≈ Ṽ⊥. (A.15)

Using equations (A.14) and (A.15), the momentum equation and the Faraday’s law can be
written as

ρ
∂Ṽ

∂t
+ V · ∇V = B · ∇B−∇

(
P +B2/2

)
(A.16)

and
∂B

∂t
=
(
1− ρ2

i∇2
⊥

)
(B · ∇Ṽ −B∇ · Ṽ − Ṽ · ∇B)−∇× E‖, (A.17)

respectively. Based on the parallel Ohm’s law,

me

nee2
∂J‖/∂t = − me

nee2
b · ∇ × (∇× E) = E‖ +

1

nee
∇Pe, (A.18)

the parallel electric field can be written as

(
1− λ2

e∇2
⊥

)
E‖ = −λ2

e∇‖∇⊥ · E⊥ −
Te
eρ
∇‖ρ, (A.19)
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where λe is the electron skin depth. Using Ohm’s law and keeping terms to order ω/Ωi, the
continuity equation can be expressed as

1

ρ

dρ

dt
=

e

miΩ2
i

B×∇⊥ · ∂Ṽ/∂t+
B · ∂B/∂t

B2
. (A.20)

Neglect compressional effects and background gradients in equation (A.20). Then equation
(A.19) can be simplified as(

1− λ2
e∇2
⊥

)
E‖ = −

(
ρ2
s − λ2

e

(
1− ρ2

i∇2
⊥

))
∇‖

(
B×∇⊥ · Ṽ

)
, (A.21)

where ρ2
s ≡ (Te/Ti) ρ

2
i is the ion acoustic gyroradius.

Finally, the perpendicular terms of equations (A.16) and (A.17) in the homogeneous limit
in the Fourier representation are written as

ωρδṼ⊥ = −k‖B0δB⊥ + k⊥
(
δP +B0δB‖

)
, (A.22)

and
ωδB⊥ = −k‖B0

(
1 + k2

⊥ρ
2
i

)
δṼ⊥ − b× k⊥E‖. (A.23)

Equation (A.21) in the Fourier representation is written as(
1 + k2

⊥λ
2
e

)
E‖ = k‖B0

(
ρ2
s − λ2

e

(
1 + k2

⊥ρ
2
i

))
b× k⊥ · δṼ⊥. (A.24)

Combining equations (A.23) and (A.24), we obtain the relation between the perturbed magnetic
field and velocity as

ωδB⊥ = −k‖B0
1 + (1 + Te/Ti) k

2
⊥ρ

2
i

1 + k2
⊥λ

2
e

δṼ⊥. (A.25)

The projection in the b × k⊥ direction of equations (A.22) and (A.24) gives the KAW/SAW
dispersion relation:

ω2 = k2
‖V

2
A

1 + (1 + Te/Ti) k
2
⊥ρ

2
i

1 + k2
⊥λ

2
e

. (A.26)

Combing equations (A.11), (A.13), (A.25) and (A.26) and considering δV ≈ δVi, the Walén
relation for KAWs is given by

δVi ≈ ±δVA

 1 + k2
⊥λ

2
e

1 +
(
1 + Te

Ti

)
k2
⊥ρ

2
i

1/2 (
1

1 + 1.25k2
⊥ρ

2
i

)
, (A.27)

where the coefficient 1

1 + 1.25k2
⊥ρ

2
i

comes from the gyroviscosity in the pressure tensor.
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