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Abstract

Mode conversion at the magnetopause has been suggested to lead to the generation

of kinetic Alfvén waves (KAWs) and effective mass transport from the solar wind into the

magnetosphere. To investigate the mode conversion process in the dynamics dayside system,

a systematic 3-D global hybrid simulation that includes the solar wind, bow shock and the

geomagnetic field is carried out for the dayside magnetosphere under various interplanetary

magnetic field (IMF) conditions. In the quasi-parallel (Q-∥) shock, the foreshock compres-

sional pulses are self-consistently generated by the interaction between the solar wind and

the dipolar geomagnetic field. The simulation results show that as the compressional pulses

propagate from the magnetosheath to the magnetopause, short wavelength structures of

k⊥ρi ∼ 1 with enhanced parallel electric field E∥ are excited in the magnetopause boundary

layer (MPBL), where k⊥ ∼ kx is the perpendicular wave number nearly along the GSE x

direction, and ρi is the ion Larmor radius. The wave phase relationship between the mag-

netic field and the density changes from in-phase in the magnetosheath to anti-phase in the

short-wavelength MPBL perturbations. The wave polarization is predominantly compressive

in the magnetosheath, whereas strong transverse wave powers appear abruptly around the

MPBL. The mode conversion from the compressional pulses to KAWs is identified around the

predicted Alfvén resonance points in the MPBL. As these KAWs evolve, KAW modes dom-

inated by azimuthal wave number with kyρi ∼ 1 are also generated. The short-wavelength

KAWs in the MPBL are identified by the sharp increases in E∥ and the transverse electro-

magnetic field polarization relation of Alfvén mode. These KAW perturbations propagate

poleward into the cusps along the MPBL. Due to the differential flow convection speeds at

various latitudes, the KAW packets expand along the north-south direction, while they may

also merge with newly formed KAWs generated by newly-arrived compressional waves.
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The mode conversion takes place downstream of the Q-∥ shock, where the driver com-

pressional waves are the strongest in their global distribution. In the cases with a radial IMF,

the mode conversion takes place in the subsolar region. In the cases with a more general

IMF direction, the Q-∥ shock regions and thus the strongest mode conversion shift off the

subsolar, although the KAWs may still be identified near the subsolar region around the

MPBL. In the dipole field region of the magnetosphere, field line resonance associated with

the standing shear Alfvén waves is found due to the mode conversion. In the presence of the

IMF By component, the field line oscillations in the inner magnetosphere are more intense

downstream of the Q-∥ shock than on the quasi-perpendicular (Q-⊥) side, indicating again

that the KAWs from the mode conversion is in favor of the Q-∥ side. Over several periods of

incoming magnetic pulses, the KAWs approximately show a symmetric pattern from north

to south. This symmetry, however, is not observed in the existence of the northward com-

ponent (Bz in GSM) in the IMF, because the Q-∥ is now located in the southern hemisphere

where more KAWs could be perceived. While observational signatures are provided by the

global simulation, the simulation results are also compared with satellite observations for

the physical evidence of mode conversion.
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Chapter 1

An Introduction to Mode Conversion Processes

The primary goal of this chapter is to equip readers with essential background knowledge

and to make the dissertation a complete composition of the following chapters.

1.1 What is Plasma

It has often been said that 99% of the matter in the universe is in the plasma state; that

is, in the form of an electrified gas with the atoms dissociated into positive ions and negative

electrons. Such an estimate may not be quite accurate, but it is definitely a reasonable one

in the view of the fact that stellar interiors and atmospheres, gaseous nebulae, and much of

the interstellar hydrogen are plasmas. In our daily lives, the occurrence of the plasmas is

limited to a few examples: the flash of a lightning bolt, the glow of the Aurora Borealis, the

conducting gas inside a fluorescent tube or neon sign, and the slight amount of ionization

in a rocket exhaust. From our living planet of the Earth, however, as soon as one leaves its

atmosphere, one encounters the plasma comprising the Van Allen radiation belts and the

solar wind.

Plasmas, consisted of positively and negatively charged particles with approximately

equal charge densities, can be produced by heating an ordinary gas to such a high tempera-

ture that the random kinetic energy of the molecules exceeds the ionization energy; i.e., the

molecules or atoms are ionized. Because the ionization process starts at a fairly well-defined

temperature, usually a few thousand K, a plasma is often referred to as the “fourth” state

of matter, in distinction to the first three states of matter: solid, liquid and gas. The steady
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state ionization density depends on a balance between ionization and recombination. In or-

der to maintain a high degree of ionization, either the ionization source must be very strong,

or the plasma must be very tenuous so that the recombination rate is low.

The definition of a plasma requires that any deviation from charge neutrality must be

very small, which means the charge neutrality condition is equivalent to requiring that the

electron and ion number densities be approximately the same. In the absence of a loss mech-

anism, the overall charge neutrality assumption is usually satisfied because all ionization

processes produce equal amounts of positive and negative charge. However, deviations from

local charge neutrality can occur. Systems that display large deviations from charge neu-

trality, such as vacuum tubes and various electronic devices, are not plasmas, even though

some aspects of their physics are similar.

To be a plasma, the charged particles must be in an unbound gaseous state. This

requirement can be made more specific by requiring that the random kinetic energy be much

greater than the average electrostatic energy, and is imposed to provide a distinction between

a plasma, in which the particles move relatively freely, and condensed matter, such as metals,

where electrostatic forces play a dominant role. In a plasma, long range electric forces are

much more important than short range ones. Because many particles feel the same long

range forces, a plasma is dominated by collective motions. The long range forces acting on

these charged particles make a plasma distinctively different from the ordinary gases mainly

composed of neutral particles.

Broadly speaking, plasmas can be divided into two categories: natural and man-made.

It is an interesting fact that most of the material in the visible universe, as mentioned at

the very beginning, is in the plasma state. Of these the former are the majority, which

includes most of the stars and a significant fraction of the interstellar medium; on the other

hand, almost all the laboratory plasmas, such as glow discharged “gas” in fluorescent tube

mentioned previously, belong to the latter. From this point of view, plasmas play a major

role in the universe. Plasma physics is relevant to the formation of planetary radiation belts,
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the development of sunspots and solar flares, the acceleration of high velocity winds that

flow outward from the Sun the other stars, the generation of radio emissions from the Sun

and other astrophysical objects, and the acceleration of cosmic rays.

In the Earths atmosphere, the low temperatures and high pressures that are commonly

present are not favorable for the formation of plasmas except under unusual conditions.

Probably, the most common plasma phenomenon encountered in the Earths atmosphere is

lightning. In a lightning discharge the atmospheric gas is ionized and heated to a very high

temperature by the electrical currents that are present in the discharge. Because of the

high recombination rate the resulting plasma exists for only a small fraction of a second.

Less common is ball lightning, which consists of a small ball of hot luminous plasma that

lasts for up to tens of seconds. Another terrestrial plasma phenomenon, readily observable

at high latitudes, is the aurora, which is produced by energetic electrons and ions striking

the atmosphere at altitudes of 80 to 100 km. At higher latitudes, from one hundred to

several hundred km, the Earth is surrounded by a dense plasma called the ionosphere. The

ionospheric plasma is produced by ultra violet radiation from the Sun, and also exists on

the night side of the Earth since the recombination rate is rather low at high latitudes. The

ionosphere plays an important role in radio communication by acting as a reflector for low

frequency radio waves. At even higher altitudes, the Earth is surrounded by a region of

magnetized plasma called the magnetosphere. Planetary magnetospheres have now been

observed at all the magnetized planets and exhibit many of the plasma processes that are

believed to occur at magnetized astronomical objects such as neutron stars.

Numerous applications of basic plasma physics can be found in man-made devices. One

of the most important of these is the attempt to achieve controlled thermonuclear fusion.

Since fusion requires a temperature at least of 107K to overcome the Coulomb repulsion

between nuclei, controlled fusion necessarily involves very high temperatures. Because fusion

plasmas would be quickly cooled by the walls of any ordinary container, considerable effort

has gone into attempts to confine plasmas by magnetic fields. Although the principles of such
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magnetic confinement may appear at first glance to be straightforward, attempts to achieve

controlled fusion using magnetic confinement have been complicated by collective effects

that develop when large numbers of particles are introduced into the machine. The effort

to find a technologically and economically attractive configuration for confining a dense, hot

plasma requires one of the main challenges of fusion research. In addition to fusion, numerous

other devices involving plasmas exist as well. Fluorescent lights and various other devices

involving plasma discharges, such as electric arc welders and plasma etching machines, are

commonly in daily use. More advanced devices involve magnetohydrodynamic generators for

producing electricity from high temperature gas jets, ion engines for spacecraft propulsion,

various surface treatment processes that involve the injection of ions into metal surfaces, and

high frequency electronic devices such as traveling wave tubes and magnetrons.

1.2 What is Mode Conversion

Plasma transport of mass, momentum and energy, as well as its heating, has been

described as one of the most important issues in the plasma physics community. So far as

known, all the possible means of plasma heating and transport by electromagnetic waves,

which rely on collisionless dissipation, e.g. through lower hybrid resonance [9], ion cyclotron

resonance [10] and parametric excitation [11], have much shorter wavelengths and intrinsic

difficulties in pumping the wave energy to the plasma on a large spatial and temporal scales.

In contrast, the resonance of shear Alfvén waves occurs on a much longer wavelengths and

thus has been of great interest [6, 12, 13].

Alfvén wave, named after Hannes Alfvén, is a fundamental physical phenomenon in all

kinds of magnetized plasmas [14]. From magnetohydrodynamics (MHD) in uniform plasmas,

the hydromagnetic waves travel along ambient magnetic field at a constant velocity VA,

called the Alfvén velocity/speed, and VA = B/(µ0ρ)
1/2. This is a characteristic velocity at

which perturbations of the lines of force travel. This Alfvén wave mode can also be called

transverse Alfvén mode or shear Alfvén mode, since the fluid motions for this mode are
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entirely transverse with no compressional component [15] and its dispersion relation, for

general cases, can be expressed as ω/k = VAcosθ (i.e. ω = k∥VA with k∥ the parallel wave

number), where θ is the angle between wave vector k and ambient magnetic fieldB. From the

dispersion relations for the slow and fast magneosonic mode [15], i.e. ω2/k2 = 1
2
(V 2

A + V 2
S ) +

1
2
[(V 2

A − V 2
S )

2 + 4V 2
AV

2
S sin

2θ]
1/2

and ω2/k2 = 1
2
(V 2

A + V 2
S ) − 1

2
[(V 2

A − V 2
S )

2 + 4V 2
AV

2
S sin

2θ]
1/2

with VS the velocity/speed of sound waves, both of them involve magnetic field and the

plasma pressure. It is for this reason that these two modes are called the magnetosonic modes.

It has been well-known that Alfvén waves contribute to a variety of physical processes in space

plasmas, e.g.: heating of solar and stellar coronae [16], solar and stellar wind acceleration

[17], wave-particle interaction [18], turbulence [19], generation of geomagnetic perturbations

(auroral activity) [20], etc. Kinetic Alfvén waves (KAWs) are the extension of (shear) Alfvén

waves to the range of short (kinetic) cross-field scales comparable to the ion gyroradius

and to the electron inertial length, and thus its dispersion relation is modified as ω =

k∥VA

[
1 +

(
1 + Te

Ti
k2⊥ρ

2
i

)]
, where Te,Ti, k⊥ and ρi are electron temperature, ion temperature,

perpendicular wave number and ion gyroradius, respectively, and ignoring the damping and

taking Padé approximation for the Bessel function [21, 22]. KAWs attract researchers not

only because they could interact with plasma and their energy can be converted into the

energy of electrons and ions (heating, acceleration, and/or transport) [6, 23], but could

interact non-linearly with each other and form a power-law turbulent spectrum [24], due to

the fact that KAWs can generate parallel electric fields E∥ that facilitates particle heating and

transport on scales where the ion motion decouples from the field lines due to polarization

drift [25]. The local polarization relation of KAWs has also been developed, e.g. as E⊥/B⊥ ≃

VA [1 + k2⊥ρ
2
i ] / [1 + k2⊥ρ

2
i + k2⊥ρ

2
s]

1/2
with ρs ion acoustic gyroradius [4, 26, 27].

The existence of Alfvén wave resonance in nonuniform ideal MHD plasmas, as well as

its potential applications to plasma heating and transport, has been proposed by Grad since

the mid-term of last century [28]. In non-uniform plasmas, the Alfvén speed VA can be

expressed as a function of position in the direction of the nonuniformity. For simplicity
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but without losing any significance and generality, the description below will reasonably

assume the nonuniformity is one-dimensional (1-D) , i.e. only in x direction. The dispersion

relation of the shear Alfvén wave is then of the well-known form ω = k∥VA, where k∥ is the

wavenumber parallel to the magnetic field. This is also a resonance condition at x0, a local

point/plane, in space where the excited wave frequency satisfies the relation ω0 = k∥VA (x0).

Thus, if a surface wave in MHD theory is excited by an external driver/source, the wave will

be phase mixed by this resonance and its wave energy will be dissipated into the surrounding

plasmas. Such surface waves can be obtained by setting a large wave number, k⊥, which is

perpendicular to the ambient magnetic field and the density gradient in x, so that k⊥VA > ω0

is achieved for the minimum Alfvén speed. Theoretically, the phase mixing of the waves

occurs due to the fact that the shear Alfvén waves have continuous spectra in nonuniform

plasmas. The corresponding wave absorption, as well as its energy dissipation, has also been

evaluated analytically [29, 26].

1.3 Mode Conversion in Geo-Space

1.3.1 The Structures and Characteristics of the Magnetopause

In history and the contemporary, our human being’s exploration of the Earth’s geo-

magnetic topology and environment has never ceased [30, 31, 32]. There is also much oc-

curring in the interplanetary plasma itself from all round our planet; that is, the solar wind.

The properties of the solar wind evolve with heliocentric distances, but, generally speaking,

on its way to the Earth the solar wind can be regarded as uniform and interacts with the geo-

magnetic field. This process roughly consists of our planet’s geo-magnetic environment, and

can be sketchily depicted in two-dimensions (2-D) in Figure 1.1. From this figure, the bow

shock, the magnetosphere and the magnetopause, where the pressure balance occurs, can be

clearly distinguished. A more detailed three-dimensional (3-D) sketch of the Earth’s mag-

netosphere, representing the structure that has been inferred from spacecraft observations,

is given in Figure 1.2.
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Figure 1.1: 2-D illustration of the interaction between geo-magnetic field and solar wind.
Adapted online from http://naturalorder.info/now/
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Figure 1.2: 3-D illustration of the Earth’s magnetosphere structure and outer magnetic field
topology inferred from spacecraft observations. Adapted online from
http://www.esa-spaceweather.net/spweather/BACKGROUND/PHYS PROC/MAGNETO
SPHERE/mgsphr.gif
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One of the most striking features that had amazed physicists and caused hot debate in

geo-space exploration in history is that the collisionless shock even exists [33]. The collision-

free bow shock stands in front of the magnetosphere, as shown in Figure 1.1 and 1.2. Early

spacecraft observations have shown the dependence of bow shock structure, as well as its

upstream region often referenced as foreshock region where the superthermal particles gen-

erate a rich spectrum of plasma waves, on solar wind parameters, and have proved that the

magnetic profiles of quasi-parallel (Q-∥) shocks are much broader than quasi-perpendicular

(Q-⊥) ones. The Q-∥ is referred to the region where the angle, between the magnetic field

in the solar wind and the shock normal, is less than 45◦, while the The Q-⊥ referred to the

angle larger than 45◦, shown in Figure 1.3. At the Q-∥ shock, the downstream thermal ions,

as well as the ions reflected at the shock front, can easily backstream along the field lines

and penetrate into the upstream region, leading to electromagnetic instabilities associated

with ion beams, ion heating, energetic ions and compressional waves [34, 35, 36].

In geo-space plasma physics, it is well known that the Earth’s magnetopause boundary

layer (MPBL) , which separates the shocked solar wind from the magnetosphere (readers can

refer to Figure 1.1, as well as 1.2), plays a central role in various transport processes involving

mass, momentum and energy from the solar wind into the magnetosphere. The spacecrafts

have detected the MPBL typically several thousands of kilometers thick. Overall, three

different types of the MPBL can be recognized: the low-latitude boundary layer (LLBL) ,

the plasma mantle or alternatively called high-latitude boundary layer (HLBL) , and the

high-latitude cusp or called entry layer [2]. Figure 1.4 presents these distinct territories

over the MPBL. The characterizations of these boundary layers can be summarized in short

here. The LLBL is a region that contains a mix of magnetosheath (the region between the

bow shock and the magnetopause) and magnetoshphere plasma, and within which plasma

flows can be found in almost any direction, but are generally intermediate between the

magnetosheath flow and magnetospheric flows. The high-latitude cusp region is where the

magnetic null or cusp occurs in a closed magnetopause model, first proposed by Chapman
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Figure 1.3: A schematic view of the upstream of the earth’s bow shock and foreshock region.
The IMF lines are at the Parker spiral angle (45◦) relative to the sun-earth line. The Photo
courtesy of ISEE/Tsurutani and Roriguez, and adapted from [1]
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Figure 1.4: Vasyliunas’s (1979) mapping of the MPBL down to the high latitude ionosphere.
Adapted from Kivelson and Russell [2]

and Ferraro [37, 38]. The plasma in this region is of magnetosheath feature and the flows

are low-speed, disordered, and probably turbulent. The last part, the HLBL, is found at

higher latitudes tailward of the cusp. Inside the HLBL, plasma flows are always tailward,

but the flow speed, density and temperature all decrease away from the magnetopause. The

plasma mantle is often regarded as a spatially uniform region, with a gradual transition

from magnetosheath to lobe (in magnetotail) propertities. It should be pointed out that the

magnetopause’s motion compels these boundaries to move back and forth across an in situ

spacecraft, giving pulsating signals in the magnetopause region observations.

Satellite observations exploring this frontier also show very fascinating natures of this

dynamic boundary layer. Among various transport processes, magnetic reconnection be-

tween the interplanetary magnetic field (IMF) lines and the geomagnetic field lines leads to

a direct transport through an “open” boundary at the dayside magnetopause [39, 40, 41, 42,

43, 44, 45, 46], when the IMF has a southward (Bz < 0) component.
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On the other hand, in the cases of a “closed” dayside magnetopause when the IMF

has a northward (Bz > 0) component, strong evidence of particle cross-field line diffusion

and acceleration has been brought forward for considerations [47, 48, 3, 22, 49, 50, 51].

Although with slightly occasional heating cases [52, 53, 54], the energy distribution functions

of the plasma around this region substantiated the correctness of the previous mentioned

concept that the plasmas consisted of those which sourced from the magnetosheath and the

magnetosphere.

Meanwhile, wave-particle interaction has been suggested as an important mechanism for

the cross-field lines transport at the low-latitude boundary, where large amplitude ultra-low

frequency (ULF) waves are extremely abundant in the geo-observational spectrum [55, 56,

57, 58, 59, 60, 61]. Among these, the KAW deserves a particular concern since it may be

one of the most fundamental processes in the deposition of energy into the plasmas near

the magnetopause due to linear/nonlinear wave dissipation [4, 62, 63], as I presented to you

previously, and will continue to show you more in geo-space physics in the following.

1.3.2 Mode Conversion at the Magnetopause

Since the plasma density changes inversely and sharply with the ambient magnetic field

through the MPBL, the Alfvén speed VA increases dramatically from the magnetosheath to

the magnetosphere. This unique feature has led to the suggestion of an interesting ULF

wave phenomenon: the mode coupling between the compressional and the Alfvén modes

at the location inside the boundary layer where the Alfvén resonance condition ω2 = k2∥V
2
A

is satisfied [26, 64, 65, 66, 67], with ω being the wave frequency and k∥ the wave number

parallel to the magnetic field. Based on the 1-D linear theory [12, 25], such mode coupling

leads to the mode conversion from fast waves to KAWs [6], which can be solved by kinetic

models including finite ion Larmor radius effects, as briefly reviewed in Section 1.9. Fast

mode compressional waves frequently arise from the turbulent foreshock of quasi-parallel bow

shock [36, 68, 69, 70], which in general have ω2 > k2∥V
2
A . The conversion from compressionally
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Figure 1.5: Wave power spectra for the “WIND” crossing of the magnetopause. P∥, P⊥

and Ptotal are the wave power spectra densities obtained from
∣∣δB∥

∣∣2, |δB⊥|2 and |δB|2,
respectively. The change of wave polarization shown in the lower panel coincides with Alfvén
velocity gradients encountered upon entry into the magnetopause current layer. Adapted
from Johnson et al. [3]

to transversally polarized waves provides a source of kinetic-scale Alfvén waves, and has been

suggested a promising mechanism for an effective plasma heating and transport across the

MPBL [3, 22, 25, 71, 72, 73].

Changes in the wave polarization, from compressional in the magnetosheath to trans-

verse in the MPBL, have been observed [3] (Figure 1.5), which provides evidence of the

mode conversion. Recent multi-point spacecraft measurements of MPBL crossing substan-

tiate the suggestion of the mode conversion process and the presence of KAWs at the

magnetopause [4, 62, 74]. Figure 1.6 shows an expanded view of a magnetosphere to

magnetosheath transition. The spectrograms in these observations show that the trans-

verse electric and magnetic field components are well correlated with each other, and they

match with small-scale KAW dispersion relations. Strong evidence has suggested that

these waves with a broadband range in magnetic fluctuations could be characterized by
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a Doppler shifted KAW spectrum [4, 75, 76]. Figure 1.7 shows the main results by us-

ing the Cluster spacecraft data and wave spectrum analysis [4]. For KAWs with ω < Ωi,

their dispersion relation is ω = kzVA
√

1 + k2⊥(ρ
2
s + ρ2i ), and the E/B ratio can be mod-

eled as |δEx/δBy| =
VA(1+k2⊥ρ2i )

[1+k2⊥(ρ2s+ρ2i )]
1/2 ≃ VA

√
1 + k2⊥ρ

2
i if ρi ≫ ρs, where ρs = (Te/mi)

1/2/Ωi,

ρi = (Ti/mi)
1/2/Ωi, Ωi is the ion cyclotron frequency, and Te and Ti are the electron and

ion temperatures, respectively. Observations have also indicated that these KAWs may play

a significant role in particle acceleration, heating and transport through Landau damping,

transit time damping, as well as transverse ion acceleration via demagnetization or stochastic

ion scattering on the ion-cyclotron scale field structures [4, 62, 77, 78]. Moreover, transports

of large cross-field electromagnetic energy flux across the MPBL have been observed in these

observations, which indicate waves are strong enough to provide an effective particle diffusion

coefficient.

Besides the features described above, yet another notable phenomenon of magnetic

pulsation structures, so called magnetic field line resonance which is believed to be caused

by shear Alfvén waves due to mode conversion process, inside the magnetosphere has to

be mentioned [5, 79, 80, 67, 81, 82]. A typical result of harmonically structured pulsations

observed by AMPTE (Active Magnetospheric Particle Tracer Explorers) CCE satellite [5] is

shown in Figure 1.8. The long-period continuous pulsations can be characterized and brief

reviewed as the following [79]: 1. at higher latitude the mostly circularly polarized pulsations

reverse their sense of polarization near noon [83], whereas there is no such systematic reversal

at lower latitude [84]; 2. polarization reversal also occurs at a different latitude, and the

demarcation line coincides with the line of peak wave amplitude and linear polarization [83];

3. systematic change of the orientation angle in the H-D plane occurs from the second to

the first (the first to the second) quadrant near noon in the northern (southern) hemisphere

[84]; 4. the frequence independent of latitude for each of the events, but when averaged over

many events, the frequency of the peak amplitude is a decreasing function of latitude [85].
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Figure 1.6: (a) YBN -component magnetic field; the red trace shows the local Alfvén speed. (b)
The XBN -component electric field. (c) The wave Poynting flux normal to the magnetopause
boundary. (d) Ion energy spectrogram. “BN” is defined in the boundary normal coordinate
system where XBN and YBN lie in the plane of the magnetopause and point closest to the
ZGSM and YGSM directions, respectively. Adapted from Chaston et al. [4]
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Figure 1.7: (a) Averaged spectral energy density in E⊥,ν (black) and B⊥,ϕ (red). (b) Averaged
E⊥,ν/B⊥,ϕ spectra from observations (black), local wave dispersion (blue) and non-local
solutions (red) for the fundamental through to third harmonic. (c) Diffusion coefficient at
each k⊥,ν . (d) Averaged ratio of compressive to transverse magnetic amplitudes (black) and
that given by local wave dispersion for k⊥/k∥ = 30, 57, 1146. Adapted from Chaston et al.
[4]
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Figure 1.8: Three component dynamic power spectra of AMPTE CCE magnetic field data
for a full orbit from 0126 to 1706 UT September 13, 1984. The geomagnetic BR, BE and BN

are radially outward from the center of the earth, magnetically eastward and perpendicular
to the other two components, respectively. The bottom colored panel represents δB, the
difference in field magnitude between the observed total field and the value determined
from the IGRF (International Geomagnetic Reference Field) 1980 model. Adapted from
Engebretson et al. [5]
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1.4 Analytical Model of Mode Conversion

As the title tells, in this section, I will briefly review the theoretical models of mode

conversion and the associated wave equations.

1.4.1 MHD Model

In this model, ideal MHD equations can be introduced in the calculations, and for

further simplicity of analysis, a so-called 1-D layer/slab model with sheared and straight

magnetic field lines could be adopted [12, 26]. Under this configuration, the equilibrium

properties of the plasmas, such as mass density ρm, pressure P and the ambient magnetic

field B, vary in only one direction x. Hence, it is reasonably to assume B (x) has the form

given by

B (x) = Bz (x) ez +By (x) ey, (1.1)

The equilibrium condition gives the relation between magnetic field B (x) and pressure

P by

d

dx

(
P +

B2

2µ0

)
= 0, (1.2)

After linearization of the standard set of MHD equations, taking use of the fluid dis-

placement vector ξ, we get the equation of motion for the fluid

µ0ρmξ̈ = (B · ∇)2 ξ −B (B · ∇) (∇ · ξ)− µ0∇p̃, (1.3)

where p̃ = p+b ·B/µ0, grouped as the total perturbed pressure. Here, b, the total perturbed

magnetic field, is related to ξ via Maxwell’s equations and given by

b = (B · ∇) ξ −B (∇ · ξ)− (ξ · ∇)B, (1.4)
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Taking use of the adiabatic equation of state and the continuity equation, the perturbed

plasma pressure p can be expressed as

p = −ξx
d

dx
P − γP (∇ · ξ) = p1, (1.5)

To go further, assume the perturbations have the form

ξ = ξ (x) exp [i (kzz + kyy − ωt)] , (1.6)

where ω = ω0 + iδ, and δ → 0+.

By introducing the local Cartesian coordinates with e∥ = B/B and e⊥ = e∥ × ex, the

component form of Equation (1.3) can be rewritten as

ϵξ∥ = ik∥µ0p̃+ iB2k∥

(
ik∥ξ∥ + ik⊥ξ⊥ +

dξx
dx

)
, (1.7)

ϵξ⊥ = ik⊥µ0p̃, (1.8)

and

ϵξx = µ0
dp̃

dx
, (1.9)

where ϵ (x) = ω2µ0ρm − k2∥B
2, k∥ (x)B (x) = kzBz + kyBy, and k⊥ (x)B (x) = kyBz − kzBy.

Based on Equations (1.4) and (1.5), the expression of ξ⊥ (x) can be further rewritten in

terms of ξx (x) as

ξ⊥ (x) =
iαk⊥B

2

αk2⊥B
2 − ϵ

dξx
dx

, (1.10)

where

α (x) = 1 +
γβω2

ω2 − γβk2∥V
2
A

, (1.11)

and

β (x) =
µ0P

B2
, (1.12)
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To further simplify these equations by means of α and β, one can assume that the

ambient plasma is low β, i.e. γβ ≪ 1, so ω2
0 ≫ γβk2∥V

2
A and α (x) ≃ 1 + γβ ∼ O (1) can

be established. Substituting Equations (1.8) and (1.10) into Equation (1.9), one can then

finally get the wave equation of ξx

d

dx

(
ϵαB2

αk2⊥B
2 − ϵ

dξx
dx

)
− ϵξx = 0. (1.13)

Equation (1.13) contains the shear Alfvén, the magnetosonic/compressive, and the ion

acoustic waves. In the context of nonuniform plasmas, all three waves are coupled. Equation

(1.13) deserves to bear particular attention that it has a singular solution at the resonance

point x = x0 where ϵ = 0. It is this singularity that leads to the wave phase mixing, and

the energy of the excited waves is dissipated thereafter. The dissipated energy goes to other

waves, i.e. so called mode conversion process, with a continuous spectrum as in the case of

Landau damping. Mathematically, the process is reversible with an infinitely long recurrence

time. In reality, the small Ohmic or viscous dissipation could destroy the reversibility and

the dissipated energy will be converted into thermal energy [26].

1.4.2 Kinetic Multi-fluid Model

In Section 1.4.1, a simple 1-D MHD model has been presented and we see that the Alfvén

resonance point is located at the singular point where ϵ = 0. However, the ion finite larmor

radius effects provide a finite parallel electric field, a perpendicular velocity that modifies

the E×B drift, and a gyro-viscosity tensor (to the momentum equations), but all of these

are neglected in such one-fluid MHD models. In order to study these kinetic effects on MHD

phenomena, especially in the cases where core plasma kinetic effects, such as KAWs, it is

important to modify the MHD model so that it properly addresses the relevant core plasma

kinetic effects [21].
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For a brief review, a plasma model with multiple ion species is considered, and a general

kinetic multi-fluid model which eliminates temporal scales with frequency higher than the

ion cyclotron frequency. Since the ambient magnetic field can be perturbed by orders of

magnitude in the magnetosphere, it is naturally necessary for a global model to be valid at

the ion cyclotron frequency of each ion species, as well as in the MHD regime. A typical

example is the case in which ion cyclotron waves generated in the central plasma sheet

by ion temperature anisotropy frequently associated with ground-based observations. The

magnetic field varies several orders of magnitude between the central plasma sheet and

the ionosphere, and must be sufficiently general to include ion cyclotron resonances. The

kinetic-multi-fluid model consists of a set of fluid equations which are closed by the solutions

of kinetic equations for each species. The fluid equations consist of continuity equations

and momentum equations for each particle species and will be closed provided the particle

pressure tensors are obtained from solutions of the Vlasov equation. The particle kinetic

physics is incorporated through plasma pressure tensors. Because of small electron mass,

the electron momentum equation can be replaced by Ohm’s law and the electron density

determined by the charge quasi-neutrality condition. In this form, the model is sufficiently

general to describe global structures with frequency up to the ion gyro-frequency. Thus, it

is appropriate for studying ion-cyclotron waves and other low-frequency phenomena.

For each particle species the density continuity equation and momentum equation can

be given by

∂nj

∂t
+∇ · (njVj) = 0, (1.14)

and

njmj

(
∂

∂t
+Vj · ∇

)
Vj = njqj (E+V×B)−∇ ·Pj, (1.15)
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where qj is the particle charge, mj is the particle mass, the pressure tensor for each species

is defined in its moving frame by

Pj = mj

∫
(v−Vj) (v−Vj) fjd

3v, (1.16)

here fj is the particle distribution function for species j.

A generalized Ohm’s law that relates the current to the electric field is obtained by

multiplying (1.15) by qj/mj and by summing over all particle species by ignoring O(me/mi)

and thus given by

me

nee2

[
∂J

∂t
+∇ · (JV+VJ)

]
+ηJ = E+

1

ne

(∑
i

niqiVi − J

)
×B+

1

ne

∇·

(
Pcm

e −
∑
i

qime

emi

Pcm
i

)
,

(1.17)

where the summation over i is for all ion species, e = |qe|, the center-of-mass pressure tensor

for each species is defined relative to the bulk flow velocity V by

Pcm
j = mj

∫
(v−Vj) (v−Vj) fjd

3v, (1.18)

here Pcm
j = Pj + njmj (V−Vj) (V−Vj), and the plasma resistivity (η) is added to mimic

collisional effects. In deriving the generalized Ohm’s law, one can take use of the charge-

neutrality condition, nee =
∑

i niqi, which is equivalent to the condition ∇·J = 0. Note that

for a single ion species, the generalized Ohm’s law reduces to the well-known one-fluid form

with Vi = V (1 +O(me/mi)). For multiple ion species, however, the generalized Ohm’s law

relates the electric field to the density and fluid velocity of all ion species. This complication

arises because the diamagnetic and polarization drift velocities are different for each ion

species. The one-fluid mass density and momentum can thus not be used to couple with the

generalized Ohm’s law.

Therefore, one can employ the density and momentum equations for each ion species.

The electron momentum equation is replaced by the generalized Ohm’s law. The electric and
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magnetic fields are related to the plasma current and are obtained form Maxwell’s equations

in the magneto-static limit: the Faraday’s law

∂B

∂t
= −∇× E, (1.19)

here E is the electric field; and the Ampere’s law becomes

∇×B = J, (1.20)

with the neglection of displacement currents; meanwhile we still have

∇ ·B = 0, (1.21)

To close the above multi-fluid equations, one needs to specify the pressure tensor for

each particle species. There are several ways to achieve this, such as prescribing a fluid

description for ions and electrons, or otherwise computing the pressure tensor from the

particle distribution functions [21].

Finally, for demonstration purpose, by making use of multi-fluid theory [21, 86], and

expressing the linearized equations in terms of δp1 = B0δB∥+ δp and δB⊥ [87], the equation

holding the singularity then becomes

[
ω2
(
1− λ2e∇2

⊥
)
− k2∥V

2
A

(
1− ρ2s∇2

⊥
)]
B0δB⊥ = ik∥V

2
A∇⊥δp1, (1.22)

where the electron inertial effects λe = c/ωpe and electron pressure effects on the ion acoustic

Larmor radius scale ρ2s = Te/miΩ
2
i are both included in this equation. It is obvious that

the ratio of electron pressure to electron inertial effects, ρs/λe, determines their relative

importance; the electron pressure effects are dominant if ρs/λe = (4πnTe/B
2)
√
mi/me > 1,

which is the case when βe/2 >
√
me/mi ≃ 0.02.
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1.4.3 Kinetic Model

Ultimately, it is the ion kinetic effects that remove the singularity in Equation (1.13),

which is derived from ideal MHD equations as previously shown in Section 1.4.1. As

before, only 1-D slab geometry model is presented here. Let the x-axis be the direc-

tion of the nonuniformity, and z-axis the direction of the unperturbed ambient magnetic

field B0. Then the plasma displacement vector, ξ, is of only 1-D component form ξx =

ξx (x) exp [i (kyy + kzz − ωt)], and Equation (1.13) under such configuration can be rewrit-

ten as

d

dx

(
ϵαB2

0

αk2yB
2
0 − ϵ

dξx
dx

)
− ϵξx = 0, (1.23)

where β (x) = µ0P/B
2. ϵ and α are related to the ambient plasmas, given by

ϵ (x) = ω2min0µ0 − k2zB
2
0 = B2

0

(
ω2

V 2
A

− k2z

)
, (1.24)

and

α (x) = 1 +
1

2

(
γβω2

) [
ω2 − 1

2
γβk2zV

2
A

]−1

, (1.25)

The notations here are of conventional meanings, such as the ion mass mi, the background

plasma number density n0, the space permeability µ0, the ratio of the specific heats γ, the

pressure ratio of the plasma to the magnetic field β, and the Alfvén speed VA.

As stated before, if we assume that the wave frequency ω and the parallel wave number

kz are constant and fixed by the external sources, ϵ (x) could be equal to zero at a certain

location x0 which is the so called Alfvén resonance point/location. At the location x0, the

local Alfvén waves would resonate with the applied external frequency. The solution of the

wave equation (1.23) near the resonance point x0 has the form

ξx = cln (x− x0) , x > x0,

= c (ln |x− x0|+ iπ) , x > x0,

(1.26)
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The imaginary part in Equation (1.26) appears via the theoretical solutions in the different

domains x > x0 and x < x0, and denotes the resonant absorption of the external perturba-

tions in the ambient plasma. The absorption rate could be evaluated up to almost a hundred

percent if ky is chosen to be one over the scale size of the plasma nonuniformity

κ =
∂lnn0

∂x
. (1.27)

The logarithmic singularity exists owing to the fact that the ideal MHD equations do

not allow propagations of the shear Alfvén waves across the magnetic field. Consequently, it

is a natural expectation that if a finite ion Larmor radius correction is introduced, the fact

that ions can no longer be frozen into a particular magnetic field line of force will enable their

propagations across the magnetic field and thus resolve the singularity. That is, the solution

of Equation (1.26) is invalid within the range |x− x0|<: ρi, where ρi is the ion gyroradius.

The finite electron inertia effects can also contribute in the same way and eliminates the

singularity in the range |x− x0|<: ρs, where ρs = ρi (Te/Ti)
1/2, and Te and Ti are electron

and ion temperatures, respectively. In order to include these effects, one has to take use of

kinetic equations. For the demonstration and simplicity here, I will only present the mode

conversion process; that is, any dissipative effects will not be included. The Vlasov equation

for ions and the drift kinetic equation for electrons are adopted in such an analytical context.

The linearized Vlasov equation for the perturbed distribution function of ions can be

expressed as

∂fi
∂t

+ v · ∂fi
∂x

+
e

mi

(E+ v ×B) · ∂f
(0)
i

∂v
+

e

mi

(v ×B0) ·
∂fi
∂v

= 0, (1.28)

where

∂B

∂t
= −∇× E, (1.29)

and E has the meaning of the electric field of the waves.
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According to the literature [6], the unperturbed distribution function can be rewritten

as

f
(0)
i = g (x+ vy/ωci) f

(0) (v) , (1.30)

where f (0) (v) is the Maxwellian distribution function with the ion temperature Ti, and g is

another function denoting the nonuniformity in the ambient plasma, which in this case is in

x direction.

Similarly, the linearized Vlasov equation for the perturbed distribution function of elec-

trons, yielding to the drift kinetic equation, is given by

∂fe
∂t

+ vz
∂fe
∂z

+

(
Ey

B0

+ vz
Bx

B0

)
∂f

(0)
e

∂x
− e

me

Ez
∂f

(0)
e

∂vz
= 0, (1.31)

If assuming the plasma is of low-β as before, then one can easily achieve the point that

the magnetic compression by the wave is negligible, and thus can take use of the scalar

potential φ in the calculation of the electric field to describe the perpendicular components

in E, i.e.

E⊥ = −∇⊥φ, (1.32)

Here, I want to remind our readers that this is a rational and powerful approximation in

many analytical works, such as the newly developed GeFi model [88].

One of the advantages for Equation (1.32) is that we have the relation (∇× E)z = 0.

Since the waves introduced here are electromagnetic, a non-zero component Ez (i.e. E∥)

must be identified not as −∂φ/∂z. For consistency, another potential, ψ, could be exploited

[89], given by

Ez = −∂ψ
∂z
, (1.33)
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with ψ ̸= φ. Certainly the potentials ψ and φ must meet the requirements of the appropriate

field equations. From literatures [6, 89], the Poisson’s equation has the following form

∇2
⊥φ+

∂2ψ

∂z2
=

e

ϵ0
(ne − ni) , (1.34)

and the Ampére’s law has the form

(∇×H)z = Jiz + Jez, (1.35)

Substitute Faraday’s Law, Equation (1.29), into Poisson’s equation, and taking use of

Equation (1.35), then Equation (1.34) can be simplified as

∂

∂z
∇2

⊥ (φ− ψ) = µ0
∂

∂t
(Jiz + Jez) , (1.36)

In the equations above, the ion number density ni, the electron number density ne,

the ion current density Ji, and the electron current density Je could be calculated from the

distribution function fj with subscript j being the species for ions or electrons

nj = n0

∫
fjdv, (1.37)

and

Jj = qjn0

∫
vfjdv, (1.38)

Up till now, the whole set of Equations from (1.28) to (1.38) characterizes the electro-

magnetic waves in the MHD wave frequency range with no restrictions on the wavelength of

perpendicular scale, but with the restriction only on absence of compressive magnetic field

perturbations.
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By making some assumptions, one can go further to simplify this set of equations and

find the beauty of the mode conversion of the Alfvén waves at the Alfvén resonance point

from kinetic theory.

The first assumption is that the frequency range is below the ion cyclotron frequency.

This is in favor of using the quasi-neutrality approximation and the Poisson’s Equation (1.34)

can be reduced to the simple form

ni = ne, (1.34′)

The second assumption is that the wavenumber, ky, perpendicular both to the ambient

magnetic field and to the nonuniformity direction, is much less than ρ−1
i , and that the

nonuniformity scale is much greater than the ion Larmor radius, so one can get the relation

ω

ωci

≫ kyκρ
2
i , (1.39)

This relation could be used to simplify the second variable vy/ωci in nonuniformity function

g in Equation (1.30), which means that drift waves are neglected.

The last assumption to be made is that the wavelength in the nonuniformity direction

x near the Alfvén resonance point of the mode conversion is small enough but still larger

than the ion Larmor radius. This allows one to follow the previous work [90] to expand the

wave equation in the power series of ρid/dx.

By taking all these assumptions, the Fourier transformation of the equations containing

the amplitude of the number density and the current density perturbations can be attained,

after tedious calculations, as follows

eni

ϵ0
=
ω2
pi

ω2
ci

[
d

dx

(
1 +

3

4
ρ2i

d2

dx2

)(
g
dφ

dx

)
− gk2yφ

]
+
ω2
pi

ω2
k2zgψ, (1.40)

ene

ϵ0
=
ω2
pe

v2Te

gψ, (1.41)
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µ0Jiz =
ω2
pi

c2
kz
ω
gψ, (1.42)

and

µ0Jez = −
ω2
pe

c2v2Te

ω

kz
gψ, (1.43)

Note that in these equations, the ion and electron plasma frequency, ωpi and ωpe, can be

regarded as constants and expressed by the values at the maximum plasma density where

g (x) is normalized to unity. c and vTe represent the speed of light and the electron thermal

speed, respectively.

To see the behavior of mode conversion to the KAWs at the Alfvén resonance point,

x = x0 where ω
2 = k2zV

2
A/ [g (x = x0)], one can only take the regions near the resonance point

into account. Then these equations can be simplified further in a low-β plasma, given the

fact that V 2
A ≫ c2s = Te/mi in low-β plasmas. It is noted that one can remove the possibility

of a mode coupling to the ion acoustic waves by taking use of this assumption. One can then

also be able to derive the wave equation by substituting ψ from Equations (1.34′), (1.36),

from (1.40) to (1.43)

(
ω2

k2zV
2
A

3

4
ρ2i

d3

dx3
+

d2

dx2
1

g

Te
Ti
ρ2i

d

dx

)(
g
dφ

dx

)
+

[
d

dx

(
ω2

k2zV
2
A

g − 1

)
d

dx
− k2y

(
ω2

k2zV
2
A

− 1

)]
φ = 0,

(1.44)

where the Alfvén speed VA is the value at the maximum density, and g is the unitary

normalized nonuniformity function.

From Equation (1.44), if one takes use of the limit ρi → 0, this wave equation can be

reduced greatly to

d

dx

[
ϵ (x)

dφ

dx

]
− k2yϵ (x)φ = 0, (1.45)

This reduced equation is equivalent to Equation (1.13) derived from MHD theory near ϵ = 0

(Alfvén resonance point).
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Besides, if one proceeds in a uniform background plasma, i.e. g = 1, Equation (1.44)

can be decoupled into two wave equations

∇2
⊥φ = 0, (1.46)

and [
ρ̄2

d2

dx2
+

(
ω2

k2zV
2
A

− 1

)]
φ = 0, (1.47)

where ρ̄2 =
(
3
4
+ Te/Ti

)
ρ2i , and ky ≪ d/dx condition is used in the derivation of Equation

(1.47).

Equation (1.46) describes a quasi-static electromagnetic wave mode (cut-off mode) in

the presence of an external source. In the circumstances that there is no external sources,

such a wave equation denotes a surface wave. Equation (1.47) represents the wave equation

for a bulk or body wave. Specifically, it is the desired Alfvén wave with finite ion Larmor

radius and finite electron inertia correction. It is this wave that is often referred to as the

KAW [6, 7].

Therefore, one can distinguish the wave coupling from Equation (1.45) between a sur-

face MHD mode, or externally driven electromagnetic perturbations, and the KAW. From

Equation (1.47), it can be seen that after the mode conversion process occurs, the KAWs

propagate to the higher density side where k2zV
2
A (x) < k2zV

2
A (x = x0), as analogous to the

case of the Bernstein wave [91].

To go further in the demonstration of the mode conversion, the nonuniform density

profile must be given. Since after the mode conversion the waves are expected to propagate

into the higher density side, the solution depends on whether or not the converted waves can

propagate all the way across the plasma column or dissipate significantly before they reach

the other side.
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As an illustrative example studied by Hasegawa and Chen [6], a simple linear profile of

the plasma density is assumed as

g (x) = κx+ a, (1.48)

where x is a normalized distance, and its origin is located at the Alfvén resonance point

where g (x = 0)ω2/k2zV
2
A = 1, or aω2/k2zV

2
A = 1, with 0 < a < 1. Equation (1.44) then can

be simplified near x ∼ 0 to the form

ρ2
(
d2Ex

dx2

)
+ κxEx = E0, (1.49)

where

ρ2 =

(
3

4
+
k2zV

2
A

ω2

Te
Ti

)
ρ2i , (1.50)

and

Ex = −∂φ
∂x
, (1.51)

In Equation (1.49), E0 is a integration constant denoting a value of Ex at a large negative

x. Note that Ex is also associated with the external source field.

In this derivation, another assumption should be made: |dg/dx/g| ≪ |dφ/dx/φ|; it

means that the amplitude of the waves varies much faster than that of the densities (i.e.

WKB approximation). The wave equation of the type of Equation (1.49) has been studied

broadly associated with the mode conversion of the electromagnetic waves to Langmuir

waves, and it is well-known that its solution can be expanded by Airy functions [92].

For completeness, the pursuit of the solutions for Equation (1.49) will be restated briefly

in the following [6], and then I will move on to present the linear damping of the KAWs.

First a scale length is defined as

∆ =
(
ρ2/κ

)1/3
, (1.52)
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and a normalized electric field intensity is given as

Ēx = −Ex

E0

(ρκ)2/3

π
, (1.53)

the general solution is given by

Ēx = c1Ai (−x/∆) + c2Bi (−x/∆) +Gi (−x/∆) , (1.54)

where Ai and Bi are Airy functions, and Gi is a function related to the integrals of Ai and

Bi.

The plasma we are considering is in the semi-finite domain in x > 0. Thus, to the x > 0

direction, the appropriate boundary conditions for the KAWs would be the right (positive x

direction) going waves with no reflections at x→ ∞. The asymptotic solution for |x/∆| ≫ 1

can be achieved as, for x > 0,

Ex = −π1/2E0

(κρ)2/3

(
∆

x

)1/4

exp

{
i

[
2

3

( x
∆

)3/2
+
π

4

]}
+
E0

κx
, (1.55)

and for x < 0 can be attained as

Ex =
E0

κx
, (1.55′)

The first term on the r.h.s. in Equation (1.55) denotes the KAWs. The second term on the

r.h.s. in Equation (1.55) and the term on the r.h.s. in Equation (1.55′) represent the source

field.

The KAWs propagate to the higher density region x ≥ 0 of the resonance point, as shown

in Equation (1.54). The qualitative property of the mode converted KAWs is presented in

Figure 1.9.

It is noted that the solution for x < 0 part is equivalent to the previous one attained

with the ideal MHD theory. Consequently, the plasma impedance, and thus the absorption

rate, seen from the external circuit remains unchanged from the MHD calculations [6, 26].
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Figure 1.9: Schematic diagram of the x-component of the wave electric field near the spatial
resonance point (x = 0). x > 0 region corresponds to the higher density side where the
KAWs are excited. Also note that plasma heating process happens when the KAWs are
dissipated by wave-particle interactions. Adapted from Hasegawa and Chen [6]
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When the converted KAWs, however, is reflected to the plasma side, the solution at x < 0

is modified from MHD result and accordingly so does the the external plasma impedance.

Now let’s turn to the meat part of this subsection, the linear damping of the KAWs.

With no restrictions/approximations on the size of the perpendicular wavelength, it is also

convenient to show the detailed behavior of KAWs [6]. An additional Fokker-Plank collision

term on the r.h.s. of the Vlasov equation has to be added and after a long arithmetic

manipulation, one can attain a new set of equations including the number density and the

current density perturbations

eni

ϵ0
= −

ω2
pi

v2T i

[
1− I0 (λi) e

−λi
]
φ+

ω2
pik

2
z

ω2
I0 (λi) e

−λi (1− iδi)ψ

−i
ω2
pi

v2T i

νii
ω
φ


7
10
λ2i λi ≪ 1

3(π+1)
8
√
π
λ
1/2
i λi ≫ 1

 ,

(1.40′)

ene

ϵ0
=
ω2
pi

v2Te

(1 + iδe)ψ, (1.41′)

µ0Jiz =
ω2
pi

c2
kz
ω
I0 (λi) e

−λi (1− iδi)ψ, (1.42′)

µ0Jez = −
ω2
pe

c2v2Te

ω

kz
(1 + iδe)ψ, (1.43′)

where λi = k2xρ
2
i , I0 (λi) is the modified Bessel function of the first kind, and νii is the

ion-to-ion collision frequency. δi and δe denote the damping rates for ions and electrons,

respectively. Specifically, in the collisional regime δe is expressed as

δe = ωνei/ (kzvTe)
2 , (1.56)

where νei is the electron ion collision rate. By contrast, in the collisionless regime,

δi = 2
√
πβ

−3/2
i exp

(
−β−1

i

)
, (1.57)
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δe =
√
πβ

−1/2
i (Ti/Te)

1/2 (me/mi)
1/2 , (1.58)

here βi is defined as the ion pressure.

Hasegawa and Chen [6] studied the mode converted structures and derived the corre-

sponding dispersion relation by taking use of the Equations (1.40′) to (1.43′). For demon-

stration and future reference in later sections, the procedure will be reproduced briefly.

Starting from the quasi-neutrality condition, the following equation can be obtained,

(
ω2
pik

2
z

ω2
I0e

−λi −
ω2
pe

v2Te

)
ψ −

ω2
pi

v2T i

(
1− I0e

−λi
)
φ = 0, (1.59)

and the Ampére’s becomes

(
ω2
pi

c2k2x
I0e

−λi −
ω2
pe

c2k2x

ω2

k2zv
2
Te

+ 1

)
ψ − φ = 0, (1.60)

Note that in these equations and below, the argument of the modified Bessel function has

been changed to λi (= k2xρ
2
i ). The dispersion relation can be achieved by eliminating ψ and

φ, (
I0e

−λi − ω2

k2zc
2
s

)[
1− ω2

k2zV
2
A

1

λi

(
1− I0e

−λi
)]

=
ω2

k2zv
2
T i

(
1− I0e

−λi
)
, (1.61)

where cs is the ion acoustic speed. Equation (1.61) clearly shows the linear coupling of the

Alfvén wave with the ion acoustic wave. In low-β plasmas, this coupling is weak and it is

possible to decouple these waves for each mode. The dispersion relation for the Alfvén mode

(KAW mode) is given by

ω2

k2zV
2
A

=
λi

1− I0e−λi
+
Te
Ti
λi, (1.62)

and for the ion acoustic mode by

ω2

k2zc
2
s

=
I0e

−λi

1 + (1− I0e−λi) Te

Ti

, (1.63)
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Note that the finite ion Larmor radius effect comes into the Alfvén waves positively and

into the ion acoustic waves negatively. Thus, the dispersion relations for small and large λi,

for the KAWs, become

ω2 =

 k2zV
2
A

[
1 + k2xρ

2
i

(
3
4
+ Te

Ti

)]
λi ≪ 1,

k2zV
2
Ak

2
xρ

2
i

(
1 + Te

Ti

)
λi ≫ 1,

(1.62′)

and the ion acoustic waves after this correction become

ω2 =


k2zc

2
s(1−k2xρ

2
i )

1+k2xρ
2
i (Te/Ti)

λi ≪ 1,

k2zc
2
s/

√
2πkxρi

1+(Te/Ti)
λi ≫ 1,

(1.63′)

Taking full use of these expressions, one can finally get the phase and amplitude relations

among different components of the wave fields. The results for the KAWs are listed below



Ex = −ikxφ,

Ey = −ikyφ,

Ez = ikz

(
Te

Ti

) (
1− I0e

−λiφ
)
,

Bx = ikykzφ
ω

[
1 + Te

Ti

(
1− I0e

−λi
)]
,

By = −i
(
kxkzφ

ω

) [
1 + Te

Ti

(
1− I0e

−λi
)]
,

(1.64)

Since kx ∼ ρ−1
i ≫ ky ≫ kz, from this set of equations (1.64), we can conclude that the

dominant field perturbations are Ex and By. Note that this is a useful conclusion of mode

conversion process near the subsolar region at the Earth’s magnetopause. It should also be

noted that these waves accompany an electric field in the direction of the ambient magnetic

field, i.e. E∥.
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1.5 Previous Hybrid Simulations of Mode Conversion at the Magnetopause

Hybrid simulations in 2-D and 3-D have been carried out by [87, 7] for mode conversion

at the magnetopause in slab geometries under a steady-state, monotonic fast-mode driver.

These simulations, which solve the fully kinetic ion physics in a self-consistent electromag-

netic field, illustrate how the incoming compressional fast-mode waves are mode converted to

short wavelength KAWs (k⊥ρi ∼ 1) at the Alfvén resonant surface. These work show that the

behaviors of mode conversion depends on wave frequency, wave vector, Alfvén speed profile,

ion βi in the magnetosheath, electron-to-ion temperature ratio, and the incident wave am-

plitude. Moreover, the 3-D simulation shows the excitation of KAWs with the perpendicular

and azimuthal wave vector component due to the nonlinear physics, which is crucial for large

transport across the boundary [7]. Specifically, KAWs with a large azimuthal wave number

kyρi ∼ 1 that is perpendicular to both the background magnetic field and the wave vector of

the incident compressive waves are nonlinearly excited in the mode conversion process; i.e.

strong wave perturbations with finite wavelength along y (i.e. azimuthal) are aroused while

ky mode are not seen in the incident fast-mode waves. Figure 1.10 shows a spectral analysis

of the power of Bx in the ky-k∥ plane for the wave structures when mode conversion occurs.

Unlike 2-D results, 3-D simulations clearly show the presence of wave powers at large ky ∼ 1

with harmonics of k∥, as well as the harmonics of the nonlinearly excited ky ∼ 1 modes. In

addition, strong ion heating in the resulting KAWs, cascaded from mode converted compres-

sional waves at the Alfvén velocity gradient, is also found in these simulations. It has been

also pointed out that the coupling of KAWs to the large scale convectively turbulent plasmas

may be of great importance in the coupling between the ionosphere and magnetosphere [93],

in the heating of the solar wind and corona [94], and in the suppression of the turbulent

transport in laboratoy plasmas [95].
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Figure 1.10: Top panel: Contours of various quantities in the y-z plane at the Alfvén res-
onance point, showing the excited ky mode from the 3-D simulation of mode conversion.
Bottom panel: ky-k∥ spectra of Bx structures in the top panel of 3-D simulations. Adapted
from Lin et al. [7]
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1.6 Objectives and Outline of the Dissertation

Those simulations [87, 7] described in Section 1.5, however, are based on an over-

simplified configuration of the MPBL. In the global magnetosphere, the foreshock waves

interact with the magnetopause in the form of wave pulses with finite spatial extent and

time duration, while the mode conversion as predicted by theories occurs in a highly lo-

calized region around the Alfvén resonance points. In reality, the transient foreshock wave

forms, the global nonuniformity, and the presence of the background flow convection change

the characteristics of the plasmas around the magnetopause radically, and hence must be

included and considered to understand the mode conversion and the evolution of the result-

ing KAWs. Based on these considerations, it is essentially necessary to perform realistic

global-scale hybird simulations of mode conversion at the dayside magnetopause, in order

to understand the physics of transport in the magnetosphere and explain spacecraft ob-

servations in geo-space. This is where my Dissertation comes from. For such purpose, the

simulation is conducted for cases with a northward IMF (Bz ≥ 0) to exclude the reconnection

at the magnetopause, and singles out the transport at the “closed” magnetosphere.

The outline of this Dissertation is stated as follows. The simulation model is described

in Chapter 2. The simulation results are presented in Chapter 3. The mode conversion is

studied by tracking the evolution of wave structures from the magnetosheath to the magne-

topause, and the structure of KAWs is around the magnetopause. How the IMF conditions

control the mode conversion process is studied in Chapter 4. A concluding summary is given

in Chapter 5.

39



Chapter 2

3-D Global-Scale Hybrid Simulation Model

2.1 Simulation Scheme

The dayside global-scale hybrid simulation model utilized in this study was first devel-

oped by Swift [8] and then extended to 3-D simulations of the dayside magnetosphere by

Lin and Wang [36] in 2005. In this hybrid model, ions are treated as fully kinetic particles,

except for the inner most magnetoshpere region of r < 7Re, and the electrons are treated

as a purely massless fluid. That two fluids approximation is adopted to dominate the evolu-

tions of inner magnetosphere stems from the fact that the fluid plasma in inner region hardly

affects the kinetics in the region around the magnetopause.

The ion motions are described by their equation of motion, in the simulation unit,

dvi

dt
= E+ vi ×B− ν(Vi −Ve), (2.1)

where vi is the ion particle velocity, E is the electric filed, B is the magnetic field, ν is the

collision frequency, or say the resistivity, and Vi and Ve are the bulk flow velocities of ions

and electrons, respectively.

The electric field is obtained from the momentum equation of the electron fluid

E = −Ve ×B− ν(Ve −Ui)− r
dVe

dt
−∇Pe/N, (2.2)

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

is the electron density, or the ion number density based on the assumption of quasi-charge

neutrality which is obtained by calculating the zero moment of ions in the particle discrete
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phase space. The collisional frequency ν, equivalent to resistivity, is set to be nearly zero

around the MPBL regions so that the parallel electric field is mainly determined by the

electron pressure gradient [36].

The total ion bulk flow velocity Ui in Equation (2.2) can be estimated from

Ui =
Ni

N
Vi +

Nf

N
Vf , (2.3)

where Ni is particle ion density, and Nf fluid ion density. Vf has obviously the meaning of

fluid ion bulk flow velocity.

The Ampére’s law is used to evaluate the electron bulk flow velocity

Ve = Ui −
∇×B

αN
, (2.4)

where in our simulation the value α = (4πe2/mic
2). I shall discuss this parameter in next

subsection later.

In our simulation, the fluid ion density is presumed so that we do not have to bother

the transport of ion density. The viability of this approximation has been proved reasonably

and effectively enough in the inner magnetosphere-ionosphere global system [8, 36]. But the

solution of transport equation of fluid ion velocity is indeed required since the ionospheric

plasma plays an important role in the conduction of field-aligned currents and the trans-

mission of Alfvén waves in inner boundary/magnetosphere region. The fluid ion equation of

motion is estimated from

dVf

dt
= E+Vi ×B− ν(Vf −Ve), (2.5)

Here, we dropped the pressure term, and this is a rational assumption especially in the

context of the cold and comparatively dense ionosphere plasma. Given the fact that the

term Vf ·∇Vf is small, the total time derivative in Equation (2.5) can be reduced to partial
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time derivative ∂Vf/∂t. By far, we are able to see the point that the set of Equations (2.1),

(2.2), and (2.5) is momentum conserving.

For the convenience in coding, taking use of Equations (2.2), (2.3), and (2.4), we can

rewrite and group terms in a time stepping algorithm. Note that this means the magnetic

field B is presumably known, and its updated algorithm will be given soon. We then get the

form

dvi

dt
=

(
∇×B

αN
−Ui

)
×B+ ν

Nf

N
(Vf −Vi) + vi ×B, (2.6)

Likewise, Equation (2.5) for the fluid ion could be transformed to

∂Vf

∂t
= −Vf · ∇Vf +

(
∇×B

αN

)
×B− Np

N
(Vi −Vf )×B+ ν

Np

N
(Vi −Vf ) , (2.7)

Now, we can safely turn to the update of magnetic field with Faraday’s law

∂B

∂t
= −∇× E, (2.8)

By taking use of Equation (2.2), it can be rewritten as

∂B

∂t
= −∇×

[(
∇×B

αN
−Ui

)
×B

]
−∇×

(
ν
∇×B

αN

)
, (2.9)

The first term ∇×B/αN on the r.h.s. represents the propagation of whistler mode in the

limit that the propagation frequency is much less than the gyro-frequency. The second term

containing Ui on the r.h.s. corresponds the propagation of Alfvén modes. The last term

on the r.h.s. has the meaning of diffusion so could smooth out noisy fluctuations in the

magnetic field. Note that the significant role the eletron inertia plays is to incur electron

polarization drift term and thus the Equation (2.9) can be modified by Ampére’s law (2.4)
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to the form

∂

∂t

[
B+ r∇×

(
∇×B

αN
−Ui

)]
= r∇×(Ve · ∇Ve)−∇×

[(
∇×B

αN
−Ui

)
×B

]
−∇×

(
ν
∇×B

αN

)
,

(2.10)

It is obvious that the correction is only of the order of the electron-to-ion mass ratio. Besides,

Equation (2.10) can be further grouped and rewritten, for the computational convenience,

as

∂

∂t
B′ = −r∇× [Ve × (∇×Ve)]−∇×

[(
∇×B

αN
−Ui

)
×B+ ν

∇×B

αN

]
, (2.11)

where

B = B′ − r∇×
(
∇×B

αN
−Ui

)
, (2.12)

from these, B can be solved and updated by iteration.

One more point that has to be mentioned is in our simulations, to maintain as accurate

as possilbe in the computation of ∇ × B, stemming from small differencing errors, the

magnetic field is splitted into two portions

B = B0 +B1. (2.13)

where B0 corresponds to curl-free part, and B1 denotes the variable part which is to be

updated only.

As for the time-stepping algorithm, the velocities are known at half time steps, and

the positions and fields are advanced at even time steps. In this Dissertation, the leapfrog

technique is employed for the subcycling update of the magnetic field. Interpolation has been

used for the update of both fields and particles. Second-order accuracy has been achieved

in the discretization.
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Figure 2.1: A typical curvilinear coordinate cell showing the components of the magnetic
and electric fields. Adapted from [8]

2.2 Curvilinear Coordinates

This section describes the use of the curvilinear coordinates. The corresponding Carte-

sian positions of the curvilinear grid points can be calculated through a table of geometrical

coeffcients. Figure 2.1 shows a typical curvilinear coordinate cell, of which the center is at

the grid point i, j, k, while the corner point is at i + 1
2
, j + 1

2
, k + 1

2
and i + 1

2
, j + 1

2
,

k− 1
2
, etc. Correspondingly, a dual cell is defined as a cell with centers at the half grid points

and corners at the whole grid points, i, j, k. The magnetic field components are shown as

vectors on cell faces with the components pointing normal to the faces while the electric field

resides on the cell edges. The magnetic field components can be presented by taking the

scalar product of B with the unit vector normal to the cell surfaces. In another word, the

magnetic field can be presented in contraviant components

B = l1B̂
1 + l2B̂

2 + l3B̂
3, (2.14)
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where l1, l2,and l3 are tangent vectors, while B̂
1, B̂2 and B̂3 are contravarient tensor compo-

nents. Note that a set of reciprocal basis vectors ω’s can also be defined so that the magnetic

field can be expressed as

B = ω1B̂
1 + ω2B̂

2 + ω3B̂
3, (2.15)

where ωi · lj = δij. For instance, applying this to the right-facing face of the parallelepiped

cell, which is centered at (i+ 1
2
, j, k), the discretization of Farady’s law gives

[
(B̂1)n+1 − (B̂1)n

∆t
· l1
l1

·A1

]
i+ 1

2
,j,k

=
(
Ên+ 1

2 · l3
)
i+ 1

2
,j− 1

2
,k
−
(
Ên+ 1

2 · l3
)
i+ 1

2
,j+ 1

2
,k

+
(
Ên+ 1

2 · l2
)
i+ 1

2
,j,k+ 1

2

−
(
Ên+ 1

2 · l2
)
i+ 1

2
,j,k− 1

2

,

(2.16)

where l2,3 are the lengths of the cell edges and reside at the center of the edges. A1 = l2× l3

is the area of the corresponding cell surface and l1 is the corresponding dual cell tangent

vector.

The length of tangent vectors (l’s) are the difference between coordinates specified in

the coefficient table as mentioned previously

(l2)i+ 1
2
,j,k+ 1

2
= (r)i+ 1

2
,j+ 1

2
,k+ 1

2
− (r)i+ 1

2
,j− 1

2
,k+ 1

2
, (2.17)

where the r’s are the position of the coordinate points.

The particle position is updated from

(
qi
)n+1

=
(
qi
)n

+∆tMi · vn+ 1
2 , (2.18)

where the vector tensor Mi convert v into particle position qi in a contravariant form. Note

that the positions of particles are also position-dependent and thus they are interpolated

from the grid to the particle position using bilinear weighting in 3-D.
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2.3 Simulation Setups

In the previous section, we have mentioned that α = (4πe2/mic
2) in Equation (2.4),

so that (αN)−1/2 is the ion inertial length. In our simulation, α is always coupled with the

density, and vice versa. Therefore, the value of α scales the density in our simulation and

controlled by the ion inertial length.

For the presentation and completeness here, the physical quantities are normalized as

follows. The magnetic field B is scaled by the IMF B0; the ion number density N by the

solar wind density N0; the time t by the inverse of the solar wind ion gyrofrequency, Ω−1
i0 ;

the plasma flow velocity V by the solar wind Alfvén speed VA0; the temperature by V 2
A0; and

the length by the Earth radius RE.

Spherical coordinates are adopted in our 3-D simulation, and the same as previous ones

[36, 96, 97]. The simulation domain contains the system of the bow shock, magnetosheath,

and magnetosphere in the dayside region with GSM x > 0 and a geocentric distance 4RE ≤

r ≤ 22RE. The Earth is located at the origin (x, y, z) = (0, 0, 0). Outflow boundary

conditions are utilized at x = 0, while inflow boundary conditions of the solar wind are

applied at r = 22RE. The inner boundary at r = 4RE is assumed to be perfectly conducting,

and an additional cold ion fluid is used to model the inner magnetosphere at r < 7RE.

As stated in the previous chapter, to exclude the possibility of reconnection in “open”

magnetopause cases, the IMFs setup in the simulation are all without southward compo-

nents. A radial IMF is assumed for the case shown in Chapter 3, whereas northward IMF

components are set in Chapter 4. The ion inertial length in the solar wind is chosen as

di0 = 0.1RE. A uniform solar wind plasma with ion beta value βi = 0.5 and Alfvén Mach

number MA = 5 is employed, which flows into the system along the −x direction with an

isotropic drifting Maxwellian distribution. A total of about 4 × 108 particles are used, and

the number density of the macro ion-particles is set to be N0 = 11, 000R−3
E in the solar wind.

An isothermal electron equation of state is assumed, with βe = 2.0 to ensure a temperature

ratio Te/Ti ≃ 0.1 - 0.2 at the magnetopause.
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Nonuniform grid spacing is used in the radial direction, with a higher resolution of

∆r = 0.05RE around the magnetopause in order to identify the small scale KAWs, while

∆r = 0.1RE to 0.14RE in the solar wind and magnetosheath regions. A total grid of

Nr ×Nϕ×Nθ = 180× 104× 130 is used. The time step to advance the positions of particles

is 0.05Ω−1
i0 .
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Chapter 3

3-D Global-Scale Simulations of Mode Conversion Processes

associated with radial IMFs at the Magnetopause

3.1 Introduction

In order to identify the mode conversion processes in the global system around the

dayside magnetosphere, in this chapter I will present 3-D global-scale hybrid simulations

of the dayside magnetosphere associated with a quasi-parallel bow shock case, with IMF

purely in the Bx direction. In the previous 3-D global hybrid simulations [36], whistler-type

electromagnetic waves and compressional waves/pressure pulses generated in the foreshock

of the quasi-parallel shock are found to propagate onto the magnetosphere and lead to short

wave-length pulses with enhanced parallel electric field in the magnetopause. In this chapter,

a detailed analysis will also be presented to show that these waves are the KAWs generated

by the mode conversion from the compressional pulses, with a radial IMF Bx0 = −B0,

By0 = 0, Bz0 = 0.

3.2 Simulation Results

3.2.1 Overall Structure

Figure 3.1 shows contours of the magnetic field strength B and ion density N in the

noon meridian and equatorial planes at t = 150. Typical magnetic field lines in the 3-D per-

spectives are also displayed in the magnetic field contours. The self-consistently generated

bow shock is saturated around a standoff radial distance of 12RE at t = 40, while the mag-

netopause is roughly at 10RE in the subsolar region. Compressional pulses in B and N and

transverse magnetic field perturbations are present in the magnetosheath, which surrounds
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Figure 3.1: Spatial contours of geo-magnetic field strength B and ion density N at t = 150
showing the 3-D structures of self-consistently generated bow shock and magnetopause, as
well as the compressive pulses in the magnetosheath. Typical field lines are also shown in
the magnetic field plot.
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Figure 3.2: Time evolution of spatial profiles of various quantities along the Sun-Earth line
during the time interval t = 50 - 180. The circles highlight areas with locally excited E∥
around the MPBL, which are shown to be KAW structures in later sections.

the magnetosphere and located in the region between the bow shock and magnetopause. The

wave perturbations are mainly due to the turbulence in the bow shock and foreshock region

generated by backstreaming ions in the foreshock of the quasi-parallel shock [36], which is

around the low-latitude regions with |z| < 3RE, and are carried earthward by the shocked

solar wind plasma. Specifically, the shock front could be identified from the earthward en-

hanced magnetic field and ion density. The magnetopause can be distinguished through the

sharply increased (decreased) magnetic field (ion density) toward the Earth downstream of

the bow shock. In addition to the compressional pulses, diamagnetic cavities with decreased

magnetic field and density are also generated in the foreshock (not shown here) and propa-

gate through the magnetosheath. The foreshock compressional waves develop into elongated

structures along the field lines, with wave vectors k⊥ ≫ k∥. The dynamics and evolution of

the fast-mode/whistler compressional waves and diamagnetic cavities have been simulated

in great details [36, 98, 70].
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Figure 3.2 illustrates the spatial profiles of various quantities along the Sun-Earth line

in a time sequence from t = 50 - 180. The incoming fast-mode compressional wave pulses

with perturbations of B and N constantly propagate onto the magnetopause. The oscillating

MPBL can be identified from the sharp increase of B and decrease of N around x = 9.9RE.

Note that the bow shock is located near 12RE and not shown in Figure 3.2. Specifically, the

fast-mode waves generated near the bow shock at about t = 100 propagate onto the MPBL

at a later time about t = 120. The typical Alfvén speed is about 1.4VA0 around 11RE in

the magnetosheath outside the MPBL. At this location, the compressional waves are seen

to propagate sunward with a speed about 2 - 3VA0 in the plasma frame, while the earthward

and azimuthal plasma convection speed is about 5VA0, giving a net wave propagation speed

of ∼ 2 - 3VA0 in the simulation (Earth) frame of reference. Near the magnetopause at

x ≃ 10.5RE, the x-component velocities of these wave pulses are significantly slowed down.

The compressional pulses then consequently impinge on the magnetpause obliquely. In

addition, the transverse perturbations can be seen from the profiles of By and ion flow

velocity Viy.

When the series of wave packets interact with the magnetopause, strong perturbations

in the parallel electric field E∥ are excited near and inside (shown in circled regions) the

MPBL transition, from t ≃ 120 - 140 and 160 - 180. These excited waves are dominated

with short wavelengths of kxρi ≃ 0.5 - 1. Meanwhile, perturbations in the parallel current J∥,

By, and Viy are also evident near the magnetopause region. These correlated perturbations

can be considered a good indicator of possible signature of KAWs. In the following, I will

present a detailed identification of the mode conversion from compressional to transversely

dominated KAWs.
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3.2.2 Conversion from Compressional Waves in the Magnetosheath to Trans-

verse Waves in the MPBL

Figure 3.3 presents the spatial contours of magnetic field components Bx and By, field

strength B, ion density N , ion bulk flow velocity components Vix, Viy, and Viz, and parallel

current J∥ in the equatorial plane at t = 150. In this figure, the magnetopause can be

identified from the sharp changes in B and N as described above. Wave structures are seen in

r > 10RE in the magnetosheath, with wave fronts largely perpendicular to the magnetopause

boundary. Meanwhile, wavy motions are produced at the magnetopause due to the arrival

of the compressional waves. The three circles at y = 5RE, y = 0 (subsolar region), and

y = −5RE in each plot of Figure 3 mark the regions of strongly distorted magnetopause.

Large-amplitude perturbations are seen in By, Viy, Viz, and J∥ in these magnetopause surface

waves. These waves propagate eastward and westward away from the subsolar area along

the magnetopause.

To understand the dynamical interaction between the foreshock/magnetosheath waves

and the magnetopause, Figures 3.4(a) and 3.4(b) depict time variations of B and N along the

sun-earth line at fixed positions x = 9.8RE and x = 11.8RE, respectively. Figure 3.4(a) shows

that at earlier times before t = 80, when B is high and N is low, the location x = 9.8RE is on

the magnetospheric side in MPBL. As time goes on, the magnetopause sweeps through this

location three times, as seen from the oscillating B and N , so that it is on the magnetosheath

side at t ≃ 180. The oscillating magnetopause results in the background low-frequency, anti-

phase oscillations in B and N . Meanwhile, a remarkable feature is that the high-frequency

oscillation structures in Figure 3.4(a) also denote an anti-phase relation between B and N .

Therefore, the MPBL is dominated by the anti-phase relation between the magnetic field and

the density. On the other hand, the location x = 11.8RE in Figure 3.4(b) is always in the

magnetosheath. No background low-frequency oscillation is found here. The perturbations

are of high frequency, dominated by an in-phase relation between B and N but also mixed

with a few anti-phase structures. Overall, the wave polarization changes distinctively from
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Figure 3.3: Contours of various quantities in the equatorial plane at t = 150. The three
circles at y = −5, 0, 5RE in each plot spot the strong perturbations round the MPBL.

53



Figure 3.4: Time variations of B and N at two locations along the sun-earth line: (a)
anti-phase relation at x = 9.8RE in the MPBL, and (b) predominantly in-phase relation at
x = 11.8RE in the magnetosheath.

a predominantly in-phase relation between B and N in the magnetosheath to an anti-phase

relation in the MPBL.

The power spectra of the transverse (By) and compressional (B) components of the

magnetic field, as a function of x at (y, z) = (0.0,−1.0)RE, are shown in Figure 3.5. The

frequency ω, normalized by the solar wind Ωi0, at various locations is obtained from the

simulation data in the time duration from t = 62 - 190. During this time interval, the bow

shock is oscillating around x = 12RE, and the magnetopause is around x = 9.8RE. The

magnetosheath is occupied predominantly by compressional waves, whereas relatively weak

transverse wave powers are also present. These waves propagate toward the magnetopause,

while they are Doppler-shifted in the simulation (Earth) frame of reference due to the mag-

netosheath flows, which are spatially dependent. The compressional wave powers in the
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Figure 3.5: Power spectra of transverse and compressional components as a function of x at
(y, z) = (0.0,−1.0)RE.

magnetosheath are of broadband, from ω = 0.1 - 1.0. Around the MPBL from x = 9.6 -

10.0RE, however, significant transverse wave powers appear abruptly, with a spectral width

of ω = 0.2 - 0.4. These transverse waves exist in the same region where B and N have an

anti-phase relation, as discussed in Figure 3.4(a).

Note that the strong compressional wave power in the MPBL in low frequencies of

ω ∼ 0.1 - 0.2 is caused by the oscillation of the magnetopause. Wave powers at a very

low frequency, ω < 0.1, is present in both the compressional and transverse oscillations,

and in both the magnetosheath and the magnetopause. These powers are caused by a
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systematic motion of the entire regions of the magnetosheath and magnetopause. The anti-

phase relation between the magnetic field and the density, the dominance of the broadband

transverse wave powers in the MPBL, and the excitation of the parallel electric field (shown

in Figure 3.2) appear to be consistent with the presence of KAWs through a mode conversion

from the compressional waves.

3.2.3 Identification of the Mode Conversion and Generation of KAWs

To further pinpoint the dynamical mode conversion process that may have occurred in

the MPBL, I now have presented a detailed analysis of wave structures around the MPBL.

Figure 3.6 shows the spatial cut of physical quantities B, N , By, E∥, and J∥ through the

magnetopause region along the sun-earth line at t = 163, where the magnetic field decreases

and the density increases from x = 9.5 - 10RE. Correspondingly, the local Alfvén speed VA

increases approximately from 0.5 to 9.9 VA0 from x = 10 - 9.5RE inward.

The parallel wavelength of incoming waves from the magnetosheath is measured to be

3 - 8RE approximately, which corresponds to k∥ρi ∼ 0.04 - 0.1, where ρi ∼ 0.5di0 is the local

ion Larmor radius. The perpendicular wavelength is about 0.2 - 0.5RE, corresponding to

k⊥ρi ∼ 0.5 - 1. The ion gyrofreqency Ωi is about 4 - 5Ωi0 at the magnetopause, while the

dominant incident wave frequency ranges from 0.2 - 0.5Ωi0, as discussed in Figure 3.5, and

thus ω2/Ω2
i ≪ 1. The incident wave has ω > k∥VA, as described previously. For the average

dominant ω ∼ 0.3Ωi0 as measured in the MPBL to be consistent with the frequency due to

the mode conversion, the Alfvén resonance condition for the subsolar locations with nearly a

zero flow convection speed, ω = k∥VA(1− ω2/Ω2
i ) ≃ k∥VA, requires VA ≃ 2.2VA0. This value

of the Alfvén speed corresponds to x ≃ 9.75RE as VA ramps up into the MPBL, as indicated

by the yellow vertical line in Figure 3.6.

The spatial profiles of physical quantities around the MPBL confirm the existence of

the predicted Alfvén resonance point. Around this average location of the predicted Alfvén

resonance point, E∥ is strongly enhanced, as seen in Figure 3.6, and it then shows a purely
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Figure 3.6: Spatial cuts of various quantities through the MPBL along sun-earth line at t =
163. The vertical dotted lines mark the average location of the predicted Alfvén resonance
point.
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decay spatial profile on the magnetospheric side, consistent with theories of the mode conver-

sion [6] shown in Figure 1.9. The waves propagate back to the magnetosheath side. Similar

behaviors are seen in J∥ and By. The correlation of these quantities are consistent with

the KAW structures in the analytical theory [6] and previous hybrid simulations of mode

conversion for a local magnetopause [87, 7].

The mode-converted Alfvén mode waves can be identified by examining the wave polar-

ization relation. Suppose a background magnetic field pointing in the z direction and a KAW

with the wave vector k in the xz plane, as in the subsolar MPBL. The wave polarizations

in Alfvén waves are dominated by perturbations in By and Ex. Based on the kinetic theory,

δEx = VAδBy

{
1 + Te/Ti[1− I0(λi)e

−λi ]
}
in the KAW, where λi = k2xρ

2
i , and I0(λi) is the

modified Bessel function of the first kind. In our simulation, kxρi ≈ 0.5 - 1, the averaged

Te/Ti ≈ 0.2 at the magnetopause, and thus δEx ≃
√

1 + k2⊥ρ
2
iVAδBy ≃ 1.1VAδBy is required

for KAWs based on the Pade approximation. Figure 3.7 presents the results at t = 150 in the

xz plane due to the arrival of pressure pulses at the MPBL. Figure 3.7(a) shows the contours

of E∥, in which the enhancement of the parallel electric field in the MPBL is highlighted

with the circled region. Consistent with the theoretical prediction for KAWs, the waves in

the MPBL are found to be dominated by δBy and δEx. Figure 3.7(b) shows δEx vs. δBy for

all the MPBL points inside this circle, with the violet dashed lines marking the polarization

relation δEx = ±1.1VAδBy for KAWs around the subsolar MPBL. The perturbed quantities

δBy and δEx are defined relative to the “equilibrium” values after t = 50, which are calcu-

lated by taking the average field values over data time duration from t = 50 - 150. Here,

VA is the local Alfvén speed based on the equilibrium magnetic field and density. It is seen

from Figure 3.7 that the Alfvén mode polarization relation is nearly satisfied in the circled

region. For majority regions outside the MPBL, however, the relation is found to be poorly

satisfied.

The signs of slope of the solid lines in Figure 3.7(b) represent the direction of the Alfvén

mode propagation along z, which is nearly the direction of the magnetic field lines. In this
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Figure 3.7: (a) Spatial profile of E∥ around the MPBL in the noon-meridian plane at t = 150.
(b) Corresponding polarization relation at the spatial points inside the circled regions in (a)
showing Alfvén modes propagating in the opposite directions along the field lines. The violet
dashed lines in (b) denote the theoretically predicted polarization relation δEx = ±1.1VAδBy

for the KAWs.
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case, the wave structures in the MPBL obtained from the simulation consist of two parts: the

positive slope for z > 1.1RE, indicating a wave branch traveling northward along the field

lines, and the negative slope for z < 1.1RE, denoting another branch propagating southward

along the field lines. This result is in agreement with our expectation that pulses coming

onto the MPBL would break up into two parts that propagate to the opposite directions

along the field lines.

The polarization relation of the waves with an enhanced parallel electric field, again

marked by circles, in the equatorial MPBL are shown in Figure 3.8 for t = 150 (top row)

and t = 163 (bottom). The Alfvén mode polarization relation is again nearly satisfied in

these waves. The waves in this plane are seen to propagate either northward or southward.

Specifically, at t = 150, the wave structures in the region with −1.5RE < y < −0.85RE

have a positive slope in the δEx-δBy plot and thus propagate northward. In the region with

−0.85RE < y < 0, both positive and negative slopes are seen, and the Alfvén mode waves

propagate either northward or southward. In the region with 0 < y < 0.3RE, the waves

propagate southward along the field lines. At t = 163, strongly enhanced E∥ is again present

in the MPBL, as shown in the bottom left plot of Figure 3.8, due to the arrival of a new

pressure pulse. These Alfvén waves now propagate northward with the Alfvén speed, as

shown in the bottom right column of Figure 3.8. Moreover, large kyρi ∼ 1.8 appears in the

wave structures in the MPBL, as seen in the E∥ contour plot. The presence of large azimuthal

wave numbers is crucial to the particle transport across the field lines. Previous work [7]

have shown with simulations of a local slab magnetopause boundary that perpendicular and

azimuthal wave numbers can be generated in the 3-D mode conversion due to the nonlinear

parametric decay instability of KAWs.

In short, based on the wave polarization relation, the simulation has demonstrated that

the resulting waves in the MPBL due to the mode conversion from the compressional pulses

are indeed Alfvén mode waves. Together with the properties that these Alfvén waves are
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Figure 3.8: Top left: Spatial profile of E∥ around the MPBL in the equatorial plane at
t = 150. Top right: Corresponding polarization relation in the circled regions on the top
left showing Alfvén modes propagating in different directions along the field lines. Bottom
left: Spatial profile of E∥ around the MPBL in the equatorial plane at t = 163; Bottom
right: Corresponding polarization relation in the circled regions on the bottom left showing
Alfvén modes. The violet dashed lines on left panels represent the theoretically predicted
polarization relation δEx = ±1.1VAδBy for the KAWs.
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of large k⊥ρi and with an enhanced E∥ and transverse magnetic field perturbations, I have

shown that these waves are kinetic Alfvén waves.

3.2.4 Generation and identification of KAWs dominated by the azimuthal wave

numbers

Besides the features described above, the E∥ structure is seen to have clearly evolved

into waves with a large kyρi ∼ 0.4 at the later time of t = 163 in Figure 3.9. The presence of

large azimuthal wave numbers ky is crucial to the particle transport across the field lines. [7]

have found with simulations of a local slab magnetopause boundary that following a stage

dominated by the linear physics of mode conversion, which leads to the excitation of KAWs

with large kx, perpendicular and azimuthal kyρi are generated in the nonlinear stage when

the amplitude of KAWs generated by linear mode conversion becomes large enough to drive

a nonlinear parametric decay process.

Since the plasma and magnetic field are nearly uniform in the azimuthal direction in

the subsolar MPBL, a spectral analysis can be easily performed by Fourier transform in the

ky space. Thus, to further test the dependence of the wave polarization on the wave number,

we now analyze the wave spectrum of E⊥ (k⊥) /B⊥ (k⊥) from our simulation and compare it

with the polarization relation based on the analytical theory of KAWs. The test is performed

for the azimuthal ky modes along a line segment at x = 9.82RE from 3RE ≤ y ≤ 3RE,

which is located inside the subsolar MPBL. In these modes dominated by ky, the transverse

polarization of the electromagnetic field is dominated by δEy and δBx. The dots in Figure

3.9 show the dependence of Ey(ky)/Bx(ky) on ky obtained from the simulation at t = 150,

where Ey(ky) and Bx(ky) are the Fourier spectra of Ey and Bx. The analytical relation,

Ey/Bx ≃ VA

√
1 + k2yρ

2
i for KAWs dominated by k⊥ = ky in this case with Te/Ti ≪ 1, is also

denoted by a green line in Figure 3.9, where the values of the average background Alfvén

speed, VA, at the local line segment is marked at ky ∼ 0. The results show a consistency

between the simulation and the analytical theory. The predominant wave power in the
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Figure 3.9: The dots show the wave spectrum of Ey(ky)/Bx(ky) as a function of ky for the
azimuthal ky modes of KAWs obtained from the simulation at x = 9.82RE and −3RE ≤ y ≤
3RE within the equatorial subsolar MPBL at t = 150. The analytical relation Ey/BxVA ∼√

1 + k2yρ
2
i is denoted as the green line. The value of the local average background Alfvén

speed is marked on the figure at ky ∼ 0.
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simulation is found to be in the range of kyρi ∼ 0.3 - 1. At the higher wave number with

kyρi ∼ 1 or larger, the waves exhibit the characteristics of KAW modes, whereas at small

kyρi the modes approach the MHD shear Alfvén wave. The results are also consistent with

satellite observations of KAWs at the magnetopause [4, 62, 74], in which k⊥ is typically

inferred from measurements as a Doppler shifted frequency using the Taylor hypothesis so

that a plot of the frequency spectrum shows that the wave becomes electrostatic at higher

frequency.

In order to determine whether the magnitude of the excited E∥ is consistent with

that predicted by theories of mode conversion, the dots in Figure 3.10 depict the ratio

|E∥(ky)|/|Ey(ky)| as a function of ky obtained from the simulation for the same line segment

as that exploited to obtain Figure 3.9. Note that the modes dominated by kx due to the

linear mode conversion have ky = 0 [87], whereas the ky = 0 modes are excluded in Figure

3.10. The analytical relation,
∣∣δE∥

∣∣ / |δE⊥| = (k⊥ρi)
(
k∥ρi

)
(Te/Ti) / (1 + k2⊥ρ

2
i ), based on the

two-fluid linear theory [6, 99, 21, 27] are denoted by the green line in Figure 3.10, where

E⊥ = Ey for these modes dominated by k⊥ = ky. It is found that the strength of the paral-

lel electric field obtained from the simulation is in good agreement with that of the KAWs

predicted by the theory. Such result is also consistent with the previous hybrid simulation

of mode conversion [87].

In addition, by comparing the values of ETD = −
[
miv

2
i⊥/
(
2B̄
)]
ik∥B∥ (ky) /e and ELD =

E∥ (ky) (with B̄ being the background magnetic field strength), which represent the effective

parallel electric field associated with the transit time damping and the Landau damping based

on the quasilinear theory [62], respectively, it is found that the magnitude of the transit time

damping is roughly 4 - 8 times of that of the Landau damping, consistent with theories [27]

and observations [62]. Moreover, the previous theoretical study of [25] has also indicated

that magnetic drift effects contribute significantly to the diffusion coefficient in the mode

conversion at the magnetopause. Detailed analysis on ion cross-field line diffusion in the

mode conversion in our simulation is beyond the scope of this paper. Our examination also
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Figure 3.10: Ratio of |E∥(ky)|/|Ey(ky)| for the azimuthal ky modes of KAWs in the subsolar
MPBL, along the same line adopted in Figure 3.9, at t = 150. The dots are obtained from the
simulation, and the green line indicates the relation (kyρi)(kzρi)(Te/Ti)/(1 + k2yρ

2
i ) obtained

from the two-fluid linear theory.

65



shows that the presence of δB∥, which is in an anti-phase relation with δN as seen in Figure

3.4, is consistent with the total pressure balance, δB∥/B̄ = −µ0δPi/B̄
2 = −µ0 (T0δNi) /B̄

2,

in this high beta plasma. Consider the quasi-charge neutrality for ω2 ≪ k2⊥V
2
A in KAWs.

With the density perturbation δN/N0 =
(
ie/k∥

)
δE∥/Te in the KAWs [6, 78], the pressure

balance leads to δB∥/B̄ ∼ (−βi/2) [(kyρi)2 /(1 + (kyρi)
2)] [ieδEy/ (kyTi)], which is nearly

satisfied in our simulation for the predominant spectral range kyρi ∼ 0.3 - 1.

Simply put, based on the wave polarization relation and spectral analysis in sections

3.2.3 and 3.2.4, the simulation has demonstrated that the resulting waves in the MPBL due

to the mode conversion from the compressional pulses are kinetic Alfvén mode waves indeed.

3.2.5 Global Distribution and Poleward Propagation of the Alfvén Waves

In order to examine the longitudinal and latitudinal structures associated with the

mode conversion, the plot of E∥ and By around the subsolar region at t = 163 is presented

in Figure 3.11. The contours are shown for equatorial plane (z = 0) between x = 9RE and

10.5RE and y = −2RE and 2RE, the noon meridian plane (y = 0) between x = 9RE and

10.5RE and z = −2RE and 2RE, and the plane with x = 9.75RE. Typical magnetic field

lines within this region are also plotted, with arrows indicating the field directions. At this

moment, more pressure pulses hit the dusk side of y = 0 than the dawn side, leading to

strongly correlated perturbations in the parallel electric field and the azimuthal magnetic

field perturbations. A transition from the magnetosheath-like field lines to the dipole-like

lines (ordered and predominantly northward) is observed. The Alfvénic transverse kinks in

the field lines are pronounced in the regions with the enhanced perturbations in E∥ and By.

These perturbations are carried away from subsolar area by the convective flows.

Now, I will discuss the poleward movement of Alfvén waves originating from the subsolar

region due to the mode conversion. The northward propagation of KAWs will be focused.

The subsolar region is abundant of compressional drivers in front of the magnetopause. As a
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Figure 3.11: Contours of E∥ and By around the subsolar region at t = 163, for equatorial
plane (z = 0) between x = 9RE and 10.5RE and y = −2RE and 2RE, the noon meridian
plane (y = 0) between x = 9RE and 10.5RE and z = −2RE and 2RE, and the plane with
x = 9.75RE. Typical magnetic field lines within this region are also plotted, with arrows
indicating the field directions.
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result, KAWs continuously form in the subsolar area, i.e., downstream of the quasi-parallel

shock. They are seen to propagate along the field lines down to the cusp region.

Figure 3.12 shows the contours of By, J∥, and the field-aligned Poynting vector S∥

at three different times (t = 120, 140, and 164) in the noon meridian plane around the

magnetopause boundary, from r = 6RE to 10RE, where S∥ = (δE× δB) · b, and b = B/B.

The sequential propagation of a group of KAWs is tracked with circled regions in Figure

3.12. At t = 120, a compressional pulse has come onto the magnetopause, and meanwhile

strong perturbations in By, J∥, and S∥ are seen from z = −0.5RE to z = 1.5RE around

the magnetopause, inside the circled subsolar region in the left column. Another strong

perturbation (advent with magnetic pulses at an earlier time t ≃ 114) from z = 1RE to

z = 3RE can be distinguished in the northern part of the circled region as well. The

quantities By, J∥, and the positive (poleward) S∥ are well correlated in these KAWs. The

propagation speeds of both the leading and trailing edges of the white circle in this subsolar

region with an ignorable flow convection are estimated at about VA in the Earth frame, as

expected for the Alfvén modes. KAW perturbations formed at earlier times can also be seen

ahead of the tracked KAWs in the higher latitudes along the magnetopause. For a typical

IMF of 10nT and a solar wind density of 5/c.c., S∥ is ∼ 1.5× 10−5W/m2 averaged over the

wave packet period, consistent with the observations of [4].

At t = 140, the circled region is elongated and expands along the magnetopause due to

the larger background convection speed of the leading edge as it moves to a higher latitude,

as seen in the middle column of Figure 3.12. The By perturbations in the middle part of

these KAWs thus appear weaker due to the expansion, at z ≃ 4.5RE. But the trailing part

is then merged with KAWs generated by some newly arriving pressure pulses. Enhancement

of the local perturbations in By and J∥ appear at z ≃ 2.5RE. Enhanced poleward S∥ again

exists correspondingly. The propagation speed of the leading part of the KAW perturbations

is roughly equal to 4VA0, and that of the trailing part is about 1.8VA0. The convective flow

speed Vz ∼ 2.0VA0 at the leading edge, where the local Alfvén speed is around 2 - 2.5VA0.
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Figure 3.12: Contours of (top row) By, (middle) J∥, and (bottom) the field-aligned Poynting
flux S∥ at three different times t = 120, 140, and 164 in the noon meridian plane around the
magnetopause boundary, from r = 6RE to 10RE. The sequential propagation of a group of
KAWs is tracked with the circled regions.
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Therefore, the propagation speed of the leading part is about 80 - 90% of its local VA in the

wave frame, very close to the theoretical prediction based on Alfvén waves. The propagation

speed of the trailing part appears to be much smaller than the theoretically predicted speed,

mainly because of the merging with newly formed KAWs at the local magnetopause. In

addition, note that the radial transmission of the foreshock compressional waves also leads

to the resonance of closed field lines in the dipole field region [5]. The global generation of

Alfvén waves and the field line resonance in the outer magnetosphere has been discussed by

Lin and Wang [36] for a case similar to the one presented here.

At t = 164, the north-south expansion of the circled region causes further weakened

perturbations in the trailing part. In the circled region, the perturbations are seen deeper

radially inside the outer magnetosphere. The leading part of the tracked KAW perturbations

has propagated into the northern cusp region, where the wave patterns have reached (x, z) =

(3.5, 7.0)RE, as seen in the right column of Figure 3.12. Overall, pulses of newly-formed

KAWs on the closed field lines continuously propagate into the cusp due to the self-consistent

interaction of the magnetopause with foreshock waves.

3.3 Effects of Mach Number: Subcritical Shock

In the theoretical descriptions of collisionless shock waves, when interplanetary plasma’s

Alfvén Mach number exceeds a certain “critical” Mach number (∼ 2 - 3), no continuous

solutions to the fluid dynamic equations exist if resistivity is the only transport coefficient,

and an additional dissipative process (traditionally ion viscosity) must be included in order

to attain solutions [100]. Thus, for the collisionless shocks the case of MA ≃ 3, above

which the dispersive shocks dominate, is termed as “subcritical” Mach number conventionally

[101]. Although the encounter of subcritcal Q-∥ shocks in geo-space are relatively rare, the

persistence of large amplitude and low frequency magnetic fluctuations downstream from the

shock ramps, with lower-amplitude waves extending upstream, consists of unique features

that do not exist in higher Mach number shocks [102, 103, 104]. Numerous simulations of
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such subcritical shocks found that the broadened shock ramps are quite different from those

of re-forming shocks achieved at higher Mach numbers [105, 106]. Other numerical studies

also show that, unlike the cases at higher Mach numbers, the wave group velocity is directed

upstream away from the shock and thus no energy returns to the shock [107]. Consequently,

not only are the downstreams of the subcritical shocks distinct from the ones of higher Mach

number shocks, but even the patterns of the magnetopause may be quite different from those

at higher Mach numbers. Besides, the mode conversion process associated with a subcritical

Q-∥ shock has been reported. Therefore, in this section, I will make some discussion of

the impact of a radial IMF associated with a subcritical Q-∥ shock (MA = 3) on the mode

conversion process at the dayside magnetopause, as the title of this section stands. But

because a thorough identification of mode conversion process at the dayside MPBL has

been conducted in the previous section, I will make comparisons and emphasize the major

differences in the presence of subcritical Q-∥ bow shock, also referred to as “switch-on” shock

[108, 109].

3.3.1 Overall Structures for the Case of MA = 3

The 3-D structures of B, with typical field lines, and N at t = 80 are shown in Figure

3.13. The most striking feature that is quite different from the previous case is the much

weaker magnitude of the magnetic pulses in the magnetosheath and the much thicker mag-

netosheath. Specifically, when MA decreases, the foreshock waves are carried downstream

less significantly. As a result, we see weaker magnetic pulses (earthward propagation in the

Earth/simulation frame of reference) in the magnetosheath, shown in Figure 3.14. In the

time sequence from t = 80 - 90, the oscillating MPBL can be recognized around x = 10.5RE.

Note that, albeit the weaker perturbations can be distinguished in both B and N , compared

with MA = 5, the interaction time between pulses and the MPBL can be much longer, since

the solar wind plasma, whose convective speeds are much lower, carries the relative small

magnitude pulses away less quickly in x-direction. E∥, therefore, regarded as one of the
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Figure 3.13: Spatial contours of geo-magnetic field strength B and ion density N at t = 80
showing the 3-D structures of self-consistently generated bow shock and magnetopause, with
IMF MA = 3. Typical field lines are also shown in the magnetic field plot.

Figure 3.14: Time evolution of spatial profiles of various quantities along the Sun-Earth line
during the time interval t = 40 - 95, with IMF MA = 3.
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most common signatures of KAWs, comes to be much weaker. Also in Figure 3.14, we can

see that typical fast-mode wave packets propagate from bow shock at about t = 40 to the

MPBL at about t = 80. The local Alfvén speed is about 0.8 - 0.9VA0 around 11RE, where

the compressive waves travel toward the earth with a speed ∼ 2VA0 in the plasma frame. At

this location, the total plasma convection speed is ∼ 3VA0, so that a net wave propagation

speed of ∼ VA0 in the simulation frame is given, consistent with other hybrid simulations of

such shocks [107, 110].

3.3.2 Identification of the Mode Conversion with MA = 3

The spatial contours of Bx, By, B, N , Vix, Viy, Viz and J∥ are given in Figure 3.15.

The results are similar to the MA = 5 case. We can also see the transition of phase relation

in Figure 3.16. As discussed in Section 3.2.2 and seen from Figure 3.16, the magnetopause

oscillated and swept over the spatial position (10.5, 0.0, 0.0)RE at times about t = 50 and

65, respectively. Figure 3.17 shows the spatial cuts of B, N , By, E∥ and J∥ through the

MPBL region along the Sun-Earth line at t = 93. Compared to Figure 3.6, one can clearly

see a much broader MPBL, with a thickness of almost 1RE. Although it shows a much

weaker field-aligned current and electric field as discussed above, the overall decay profile

on the magnetosphere side, as well as the wave behavior and correlations shown in By, E∥

and J∥, is consistent with theories [6] and the previous case. On the magnetospheric side,

however, a series of short wavelength structures of KAW can be perceived, which is different

from higher Mach number case where such laminar kx modes are not observed. Due to the

larger and slower oscillations of the MPBL, as well as the non-monotonic magnetosonic and

whistler waves downstream of the shock ramp [110, 108], the mode conversion point could

change more dramatically over time and space, which may be the reason that the waves are

so wide into the left side of the mode conversion point at this moment. In this subcritical

shock case of radial IMF, the parallel and perpendicular wavelength is approximately 3 -

8RE and 0.2 - 0.5RE, respectively, which is similar to the previous case of MA = 5. The
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Figure 3.15: Contours of various quantities in the equatorial plane at t = 89, with IMF
MA = 3.
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Figure 3.16: Time variations of B and N at two locations along the sun-earth line: (a)
anti-phase relation at x = 10.5RE in MPBL, and (b) in-phase relation at x = 13.5RE in the
magnetosheath, with IMF MA = 3.

relation ω2/Ω2
i ≪ 1 is still justified, with the incident waves ω > k∥VA. The KAWs’ wave

polarization relation at t = 89 in the subsolar MPBL is shown in Figure 3.18. Again, the

relation δEx ∼ 1.1VAδBy still holds for the similar parameters. In Figure 3.18, the Alfvén

mode polarization relation is also nearly satisfied, and the 3-D structures of kx and ky modes

of KAW aroused in the MPBL could be perceived. The same conclusions regarding to the

KAWs’ wave structures, therefore, can still be drawn in this critical Mach number case, but

with much weaker amplitudes of the wave structures.

3.4 Summary

In summary, I have presented a 3-D global hybrid simulation of mode conversion at

the dayside magnetopause associated with the quasi-parallel shock, with radial compo-

nent only in IMF. The mode conversion from compressional waves originating at the bow

shock/foreshock to KAWs is investigated. The main results can be summarized as follows.
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Figure 3.17: Spatial cuts of vairious quantities through the MPBL along the Sun-Earth line
at t = 93, with IMF MA = 3.
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Figure 3.18: Top left: Spatial profile of E∥ around the MPBL in the equatorial plane at
t = 89, with MA = 3. Top right: Corresponding polarization relation in the circled regions
on the top left showing Alfvén modes propagating in different directions along the field lines.
Bottom left: Spatial profile of E∥ around the MPBL in the noon-meridian plane at t = 89,
with MA = 3. Bottom right: Corresponding polarization relation in the circled regions on
the bottom left showing Alfvén modes. The violet dashed lines on left panels represent the
theoretically predicted polarization relation δEx = ±1.1VAδBy for the KAWs.
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1. The wave structure, propagation, and time evolution in the 3-D magnetopause are

presented. As the self-generated compressional wave structures propagate from the foreshock

toward and impinge on the MPBL, strong E∥ are excited during their interaction with the

MPBL, together with the presence of correlated transverse perturbations in By, Viy, and

J∥. These structures, with k⊥ρi ∼ kxρi ∼ 0.5 - 1, are found to be KAWs due to the mode

conversion process. The evolution of the KAWs leads to the generation of KAWs dominated

by the azimuthal wave numbers ky, consistent with the previous 3-D hybrid simulation of

[7] for mode conversion in a slab geometry of the MPBL.

2. The Alfvén mode test shows that the KAW structures satisfy the Alfvén wave

polarization conditions. A spectral analysis for the wave modes dominated by ky reveals

that the dependence of transverse wave polarization of Ey (ky) /Bx (ky) on the perpendicular

wave number ky is in agreement with the theoretical results for KAWs. The wave spectra of

the strongly enhanced E∥ for these modes also agree with those predicted by theories and

previous simulations.

3. These KAW perturbations propagate poleward into the cusps along the MPBL,

carrying the electromagnetic energy along field lines. Due to the differential flow convection

speeds at various latitudes, the KAW packets expand along the north-south direction and

may thus be weakened, while they may also merge with newly formed KAWs due to newly

arrived compressional waves.

4. The mode conversion occurs in the MPBL due to the drastic increase of the local

Alfvén speed VA earthward. As the compressional waves approach the MPBL, the Alfvén

resonance condition ω ≃ k∥VA is found to be satisfied at the increased VA. The resulting

KAWs are found to decay into the magnetosphere. The 3-D structures of correlated E∥ and

By are presented, indicating the spatial scales of KAWs from mode conversion process.

5. The power spectrum analyses of transverse and compressional components of the

magnetic field reveal that the magnetosheath is abundant with compressional waves, while
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enhanced transverse waves appear around the MPBL region due to the mode conversion

process.

6. The mode conversion is examined for the case of radial IMF with subcritical Mach

number (MA = 3). Although the J∥ and E∥ are weaker, the ky modes and even kx modes of

KAW are excited in the MPBL significantly, associated with “switch-on” bow shock. Because

the MPBL itself becomes broader and oscillatorily more slower, and because the waves

downstream from the shock ramp are not monotonic and propagate onto the magnetopause,

a much more broader mode conversion region inside the MPBL has been observed.
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Chapter 4

Mode Conversion Processes associated with Parallel Shocks

Controlled by IMF By and Bz Components at the Magnetopause

4.1 Introduction

In the previous chapter, we have seen the identifications of the basic characteristics

of KAWs due to the mode conversion process at the magnetopause associated with a pure

quasi-parallel shock without By and Bz component. Realistically in the geospace for the

quasi-parallel case, however, IMF usually has By and Bz component “shifting” the quasi-

parallel region and thus modifies the mode conversion process around the MPBL. To study

the more realistic nature of mode conversion and see how the By and Bz component in IMF

controls this process, in this chapter I will perform an analysis of the cases in detail with By

and Bz component in IMF. How such components in IMF influence on the mode conversion,

therefore, as well as the 3-D evolutions especially around the subsolar region, is thus the

main focus of this chapter. In this chapter, first I will present the results of case 1 with

By = −0.5B0 and Bx = −0.866B0 without Bz in IMF, i.e. azimuthal angle ϕB = −120◦ and

pitch angle θB = 90◦ in IMF. Then I will show the results of case 2 with ϕB = −120◦ and

θB = 70◦ in IMF, i.e. Bx = −0.470B0, By = −0.814B0 and Bz = 0.342B0, to conclude this

chapter. The case description is listed in Table 4.1.

Case Description θ ϕ Bx By Bz

Case 1 90◦ −120◦ -0.866 B0 -0.5 B0 0
Case 2 70◦ −120◦ -0.470 B0 -0.814 B0 0.342 B0

Table 4.1: Brief case description in Chapter 4
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4.2 Simulation Results with Case 1 in IMF

4.2.1 Overall Structure

The spatial contours of the magnetic field B with typical geo-space field lines and ion

density N at t = 120 obtained in case 1 with IMF Bz = 0, in the noon meridian and

equatorial planes, are shown in Figure 4.1. As expected, the self-generated bow shock and

the magnetopause can be recognized around 12RE and 10RE, respectively, in the subsolar

regions of both B and N contours. Both the bow shock and the magnetopause, however,

appear to be “compressed” more seriously around y = 2 ∼ 6RE rather than the subsolar

region in this case with By component compared with that of no By component in previous

chapter. This is because in the existence of negative (positive) By component in IMF, the

quasi-parallel shock regions are “shifted” to the dusk (dawn) side on the bow shock, so that

the backstreaming ions can be easily transported away from these regions due to the ion beam

instabilities [36]. Thus, it is a natural consequence to see that the magnetosheath around

these regions is a lot thinner than other regions. In addition, many of the foreshock waves,

as well as the compressional pulses generated around these regions, due to the turbulence in

the bow shock [36], are carried downstream (earthward) by the convective plasma flows into

the magnetosheath, as can be perceived in Figure 4.1.

This non-symmetric profiles of magnetosheath in B and N can also be distinctively seen

from the view of the sun to the earth, as shown in Figure 4.2. For the comparison purpose,

the top panel of B and N contours in Figure 4.2 shows the non-symmetric profiles due to

the “shifted” quasi-parallel shock regions in the y − z plane cut view locating at x = 10RE

under the influence of By component in IMF, while the bottom panel presents the symmetric

profiles in the same y − z plane cut view without By component in IMF.
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Figure 4.1: Spatial contours of the magnetic field B and ion density N at t = 120 showing
the 3-D structures of self-consistently generated bow shock and magnetopause, as well as the
compressive pulses in the magnetosheath. Typical field lines are also shown in the magnetic
field plot.
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Figure 4.2: The comparison of spatial contours of the magnetic field B and ion density N at
t = 110, presenting the non-symmetric magnetosheath profiles from Sun-Earth view of the
y − z plane at x = 10RE under the influence of By component in IMF (in the top panel),
and the symmetric profiles without By component in IMF (in the bottom panel).
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4.2.2 the Mode Conversion and Generation of KAWs

To see the dynamical propagation of the compressive wave structures, the spatial profiles

of various quantities parallel to the Sun-Earth line are drawn in Figure 4.3 in a time sequence

of t = 50 - 170. From Figure 4.3 we see that the incoming fast-mode compressive wave pulses

characterized by the perturbations in B and N repeatedly propagate onto the magnetopause

from the bow shock region along the Sun-Earth line. Moreover, along the Sun-Earth line,

the magnetopause can be distinguished around 9.8RE from the abrupt increase in B and

decrease in N earthward (i.e. in −x direction as before), and the bow shock is located

roughly around 11.9RE. A typical case of these earthward propagating compressive waves

can be described as seen from Figure 4.3 at t = 100 when a new packet of wave pulses are

generated at the bow shock and carried by the convective solar wind plasma earthward to

the MPBL at about t = 120. In this case, the typical Alfvén speed is about 1.7VA0 in the

magnetosheath outside the MPBL around 11RE, where the compressive waves propagate

sunward with a speed about 2 - 3VA0 in the frame of convective plasma. And since the total

convective plasma flow speed is about 2 - 3VA0, the net propagation speed of 2 - 3VA0 in

the Earth frame of reference is seen. This is pretty similar to the case previously shown

in Chapter 3, i.e. without By component in IMF, near the Earth’s subsolar region. While

approaching the magnetopause, the compressional wave pulses are slowing down significantly

in x-direction, and consequently impinging onto the magnetopause. In this context, however,

the mode conversion process is different from the case without By component since the quasi-

parallel region is no longer around the subsolar point. Although the azimuthal convective

flow speeds are more or less the same between the cases, the wave structures can be readily off

the Sun-Earth line/plane due to the existence of By component locally in By case, so that

the interaction time between them and the magnetopause could be dramatically reduced

even in the circumstances that the local convective flows are quite similar. Therefore, it can

be found that the E∥, which is one of the characteristics of KAWs shown in the previous

chapter, has much weaker intensity in this case.

84



Figure 4.3: Time evolution of spatial profiles of various quantities, along the Sun-Earth line,
during the time interval t = 50 - 170. The circles highlight areas with locally excited E∥
around the MPBL, which have been proved the KAW structures in the previous chapter.
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After the wave pulses impact on the MPBL, perturbations in E∥ are also excited around

the transition layer and can be seen in Figure 4.3, from t ≃ 60 - 100 to t ≃ 110 - 150, as

marked in the two circles. The locally excited wave structures are examined predominantly

to be of short wave lengths kxρi ≃ 0.5 - 1 similar to the previous cases.

Figure 4.4 shows the spatial contours of Bx, By, B, N , Vix, Viy, Viz, and J∥ in the

equatorial plane at t = 110. The magnetopause and bow shock are marked on the contours

of B and N . Short wave length structures carried earthward by the convective plasma

are seen in the magnetosheath, especially around the downstream of the quasi-parallel bow

shock, y ∼ 4RE. The dynamical propagation of the compressive wave structures, the spatial

profiles of various quantities parallel to the Sun-Earth line are drawn in Figure 4.5 in a time

sequence of t = 50 - 170. Besides, quite similar to the processes in Figure 4.3, the incoming

fast-mode compressive wave pulses repeatedly propagate onto the magnetopause from the

quasi-parallel bow shock region along the line (x, 4.0, 0.0)RE, and the strong E∥ was excited

locally with the advent of these incoming compressive pulses.

To see the change of polarization of the wave pulses from the bow shock/magnetosheath

region to the MPBL, the time variations of B and N along the Sun-Eearth line in the

equatorial plane at two distinct locations, around the MPBL x = 9.9RE and near the bow

shock region x = 11.9RE, respectively, are shown in Figure 4.6.

As described in previous chapter, when B is high and N is low, the location x = 9.9RE is

on the magnetospheric side in MPBL; when B is low and N is high, the location x = 9.9RE is

on the magnetosheath side. From Figure 4.6, we can see that during the time 90 . t . 160,

this location is swept through repeatedly by the oscillating magnetopause. In this case, it

can also be concluded that the MPBL is dominated by the anti-phase relation of B and N ,

while the magnetosheath region is predominant by the in-phase relation. That is, the change

of the wave polarizations still occurs in the existence of By component in IMF. Other features

are similar to the case without By component in IMF discussed in the previous chapter.
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Figure 4.4: Contours of various quantities in the equatorial plane at t = 110.
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Figure 4.5: Time evolution of spatial profiles of various quantities, along (x, 4.0, 0.0)RE

parallel to the Sun-Earth line, during the time interval t = 50 - 170.

With By component, the parallel wavelength of incoming waves on the magnetopause

in our simulations is measured approximately to be 3 - 8RE, with ρi ∼ 0.5di0 locally, and

the perpendicular wavelength to be roughly 0.2 - 0.5RE. Around the subsolar region in

the MPBL, figure 4.7 shows the spatial profiles of physical quantities and similar to the

existence of the predicted Alfvén resonance surface, where E∥ is strongly excited locally,

purely decayed into the magnetosphere, and simply damped to the magnetosheath, consistent

with theoretical results [6] as shown in Figure 1.9, so do the J∥ as in the previous chapter.

Besides, the E∥ and J∥ are still locally excited and well correlated. In short, these structures

are still KAWs identified as in the previous chapter.

The wave polarization relation is similar to what has been given in the previous chapter,

δE ′
x ≃

√
1 + k2⊥ρ

2
iVAδB

′
y ≃ 1.1VAδB

′
y, where δE

′
x and δB′

y are perpendicular to the magne-

topause boundary normal, since the relation k⊥ρi ∼ 0.5 - 1 and Te/Ti ∼ 0.1 - 0.2 still hold
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Figure 4.6: Time variations of B and N at two locations x = 9.9RE and x = 11.9RE along
the Sun-Earth line in the equatorial plane: (a) anti-phase relation at x = 9.9RE in the
MPBL, and (b) predominantly in-phase relation at x = 11.9RE in the magnetosheath.
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Figure 4.7: Spatial cuts of various quantities through the MPBL along the Sun-Earth line
at t = 170.
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here. Figure 4.8 shows the wave polarization relation, at t = 170, which is also nearly con-

sistent with the theoretical lines in the circled region. The polarization properties are pretty

similar to the ones shown in the previous chapter. At t = 170, around subsolar region at

the magnetopause, it can be distinguished that two wave branches propagate northward and

southward, respectively, separated around the equatorial plane. While at the same time, the

strongly enhanced E∥ in the equatorial plane simply shows a southward wave propagation

branch. In this particular case, kyρi ∼ 0.5 - 1 appears in the wave structures in the MPBL.

Since the propagation of shear Alfvén waves in the inner magnetosphere can result in

the field line resonance [79], it is expected to see such at radial distances away from the

magnetopause boundary [36]. Figure 4.9 shows time sequence of the dominant azimuthal

(longitudinal) magnetic field component (By ∼ Bϕ) at two meridian planes, which are lo-

cated at ϕ = 30◦ near the quasi-parallel (Q-∥) shock region and ϕ = −30◦ near the quasi-

perpendicular (Q-⊥) shock region, respectively, along the field lines through the equatorial

radius of L = 7.5RE as a function of S, where S is the distance along the field line with

the starting point S = 0 (S = 12RE) approximately at the r = 4RE boundary in the north

(south). The vertical axis of each plot represents the scale of the corresponding time se-

quence from t = 40 to t = 120 while the relative amplitude of the perturbations in all times

of the sequences is scaled the same correspondingly. Note that the selected field line (flux

tube) is only approximately the same line at different times, whereas the magnetic field in

the magnetosphere would experience low frequency oscillations as a result of foreshock oscil-

lations. The transverse distortion of magnetic field in Bϕ (approximately By in this context),

as a response to the compressional waves, is present and bounces between the north and the

south boundaries in both Q-∥ and Q-⊥ region. Figure 4.9 shows that the amplitude of these

oscillations at ϕ = 30◦ is larger than those at ϕ = −30◦; that is, the field line oscillations in

the Q-∥ are more intense than those in the Q-⊥.
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Figure 4.8: Top left: Spatial profile of E∥ around the MPBL in the noon-meridian plane at
t = 130. Top right: Corresponding polarization relation in the circled regions on the top
left showing Alfvén modes propagating in different directions along the field lines. Bottom
left: Spatial profile of E∥ around the MPBL in the equatorial plane at t = 130; Bottom
right: Corresponding polarization relation in the circled regions on the bottom left showing
Alfvén modes. The violet dashed lines on left panels represent the theoretically predicted
polarization relation δEx = ±1.1VAδBy for the KAWs.
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Figure 4.9: Time sequence of the longitudinal magnetic field component By along the field
lines at L = 7.5 in the meridian plane at ϕ = 30◦ (right) and ϕ = −30◦ (left) as a function
of S, where S is the distance along the field line from north to south. The vertical axes
representing time sequence are from t = 40 to t = 120. In these meridian planes, By is
dominant so that By ∼ Bϕ.

4.2.3 Global Distribution and Propagation of the Alfvén waves

To see the longitudinal and latitudinal global structures associated with the mode con-

version in the existence of By component in IMF, the poleward and duskward movement

of KAWs originating from the subsolar region due to the mode conversion is tracked and

presented in Figure 4.10 with twelve snapshots from t = 100 to t = 155. The subsolar region

is abundant of compressional drivers in front of the magnetopause. As a result, KAWs con-

tinuously form in the subsolar area, downstream of the quasi-parallel shock. They are seen

to propagate not only along the field lines down to the cusp region, but also carried away by

the convective flow much more quickly than the previous case without By component shown

in Chapter 3. At t = 100, a group of KAW structures are excited near the subsolar region

around the MPBL. As time evolves, they are carried away from the subsolar region with

the convective speed of about 0.3 - 0.4VA, and because the KAWs also propagate along the

field lines poleward, we see a much broader expansion poleward than tailward. In addition,
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the poleward propagation speed is about VA, consistent with the prediction of Alfvén waves.

Note that in these snapshots the northward propagation is especially emphasized with the

circled region. It should also be pointed out that, for this single wave packet, it seems much

stronger in the northern hemisphere than in the south at t = 150 and t = 155, because there

are newly formed and stronger KAWs in the north part, and thus merged with the tailward

KAWs assuming stronger than that in the south. On average, however, the KAW structures

tend to be symmetric in both northern and southern hemispheres. During such time interval

(i.e. ∆t ∼ 5), about 1 - 2 incoming pulses arrive at the MPBL.

4.3 Simulation Results with Case 2

4.3.1 Overall Structure

For case 2, with all non-zero components in IMF, the spatial contours of the magnetic

field B with typical geo-space field lines and ion density N at t = 90, in the noon meridian

and y = −3RE planes, are shown in Figure 4.11. As expected, the self-generated bow shock

and the magnetopause can be recognized around 13RE and 10RE in the subsolar regions,

respectively. In the existence of positive Bz component in IMF, the quasi-parallel shock

regions are “shifted” to the south side on the bow shock, i.e. Q-∥ on the dusk and south side

for case 2, where the backstreaming ions can be easily transported away from these regions

due to the ion beam instabilities [36].

The non-symmetric profiles of magnetosheath in B and N can also be seen from the

view of the sun to the earth, as shown in Figure 4.12. From this figure, we can clearly see

the “shift” of the magnetopause profile in B as discussed previously.

Figure 4.13 shows the spatial contours of Bx, By, B, N , Vix, Viy, Viz, and J∥ in the

equatorial plane at t = 90. The magnetopause and bow shock are marked on the contours of

B and N . Short wave length structures carried earthward by the convective plasma are seen

in the magnetosheath, especially around the downstream of the quasi-parallel bow shock,

y ∼ 4RE and z ∼ −2RE.
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Figure 4.10: Isosurface plot of E∥ with tracked circles showing the same KAW structure
generated near the subsolar region from t = 100 to t = 155 for case 1 in Table 4.1.
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Figure 4.11: Spatial contours of the magnetic field B and ion density N at t = 90 showing
the 3-D structures of self-consistently generated bow shock and magnetopause, as well as the
compressive pulses in the magnetosheath. Typical field lines are also shown in the magnetic
field plot. The Q-∥ region is now located at the dusk and south side.
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Figure 4.12: The comparison of spatial contours of the magnetic field B at t = 90, presenting
the non-symmetric magnetosheath profiles from Sun-Earth view of the y − z plane at x =
10RE under the influence of Bz and By component in IMF.

4.3.2 Mode Conversion and Propagation of KAWs

The spatial profiles of various quantities parallel to the Sun-Earth line are drawn in

Figure 4.14 in a time sequence of t = 40 - 95. From Figure 4.14 we see that the incoming

fast-mode compressive wave pulses repeatedly propagate onto the magnetopause from the

bow shock region along the Sun-Earth line. Moreover, along the Sun-Earth line, the mag-

netopause can be distinguished around 10RE, and the bow shock is located roughly around

13RE, inconsistent with the expectation of thicker magnetosheath in the existence of Bz in

IMF. After the wave pulses impact on the MPBL, perturbations in E∥ are also excited around

the transition layer and can be seen in Figure 4.14. The locally excited wave structures are

examined predominantly to be of short wave lengths kxρi ≃ 0.5 - 1 similar to the previous

cases.

The change of polarization of the wave pulses from the bow shock/magnetosheath region

to the MPBL along the sun-earth line can be seen from Figure 4.15, the time variations of

B and N along the Sun-Eearth line in the equatorial plane at two distinct locations, around
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Figure 4.13: Contours of various quantities in the equatorial plane at t = 90.
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Figure 4.14: Time evolution of spatial profiles of various quantities, along the Sun-Earth
line, during the time interval t = 40 - 95.

the MPBL x = 10.5RE and near the bow shock region x = 13RE, respectively. In this case,

it can also be concluded that the MPBL is dominated by the anti-phase relation of B and

N , while the magnetosheath region is predominant by the in-phase relation. That is, the

change of the wave polarizations still occurs in the existence of Bz and By component in

IMF. Other features are similar to the case without these components in IMF discussed in

the previous chapter.

In the existence of Bz and By components, the parallel wavelength of incoming waves

on the magnetopause in our simulations is measured approximately to be 3 - 8RE, with

ρi ∼ 0.5di0 locally, and the perpendicular wavelength ∼ 0.2 - 0.5RE, quite the same in

previous cases. Figure 4.16 shows the Alfvén resonance surface around the subsolar region

in the MPBL. Although Bz and By is dominant in the magnetosheath side, the E∥ and J∥ are

still locally excited and well correlated. In short, these structures are still KAWs identified

as in the previous chapter.
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Figure 4.15: Time variations of B and N at two locations x = 10.5RE and x = 13RE along
the Sun-Earth line in the equatorial plane: (a) anti-phase relation at x = 10.5RE in the
MPBL, and (b) predominantly in-phase relation at x = 13RE in the magnetosheath.

To see the longitudinal and latitudinal global structures associated with the mode con-

version in the existence of By component in IMF, the poleward and duskward movement of

KAWs originating from the subsolar region due to the mode conversion is tracked and pre-

sented in Figure 4.17 with snapshots from t = 51 to t = 91. The subsolar region is abundant

of compressional drivers in front of the magnetopause. As a result, KAWs continuously form

in the subsolar area, downstream of the quasi-parallel shock. They are seen to propagate not

only along the field lines down to the cusp region, but also carried away by the convective

flow much more quickly than the previous case without By component shown in Chapter

3. At t = 81, a group of KAW structures are excited near the subsolar region around the

MPBL. As time evolves, they are carried away from the subsolar region with the speed of

about 0.3 - 0.4VA, and because the KAWs also propagate along the field lines poleward, we

see a much broader expansion poleward than tailward. In addition, the poleward propaga-

tion speed is about VA, consistent with the prediction of Alfvén waves. Note that in these
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Figure 4.16: Spatial cuts of various quantities through the MPBL along the Sun-Earth line
at t = 90.
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snapshots the northward propagation is especially emphasized with the circled region. It

should also be pointed out that it seems much stronger in the northern hemisphere than in

the south at t = 81 and t = 91, because there are newly formed and stronger KAWs in the

north part, and thus merged with the tailward KAWs assuming stronger than that in the

south.

4.4 Comparison of Simulation Results of Mode Conversion with Satellite Ob-

servations

In both hybrid simulations and observations, the change of the wave polarization from

compressive modes in the magnetosheath to transverse modes in the MPBL have been ob-

served, and wave power spectra are also consistent, shown in Figure 1.5, 3.4, and 3.5, respec-

tivly. Moreover, at the higher wave number with k⊥ρi ∼ 1 and k⊥ ≫ k∥, the waves exhibit

similar characteristics of KAW modes, as well as the wave spectrum of E⊥ν(k⊥)/B⊥ϕ(k⊥)

(Ey(ky)/By(ky)) as a function of k⊥ (ky) for the azimuthal (ky) modes, as shown in Figure

1.7 and Figure 3.9. Also as discussed in Section 3.2.4, by comparing the values of the effective

parallel electric field associated with the transit time damping ETD = −
[
miv

2
i⊥/
(
2B̄
)]
ik∥B∥ (ky) /e

and the Landau damping based on the quasilinear theory ELD = E∥ (ky), the magnitude of

the transit time damping in the simulations is roughly 4 - 8 times of that of the Landau

damping, consistent with satellite observations [62]. For a typical IMF of 10nT and a solar

wind density of 5/c.c., the wave Poyting flux normal to the magnetopause boundary Sz is

∼ 1.5× 10−5W/m2 averaged over the wave packet period in the simulations, consistent with

the observations of [4] (Figure 1.6). Besides these features, our hybrid simulations are capable

of providing more detailed analysis of wave structures, and the Alfvén resonance condition

and locally excited E∥ at the MPBL are especially examined and proved these KAW modes.

Beyond the satellite observations, the propagation of these KAWs due to mode conversion

has been studied and presented in Section 3.2.5, 4.2.3 and 4.3.2.
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Figure 4.17: Isosurface plot of E∥ with tracked circles showing the same KAW structure
generated near the subsolar region from t = 51 to t = 91 for case 2 in Table 4.1.
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4.5 Comparison of Simulation Results of Field-Aligned Currents with Satellite

Observations

Figure 4.18 shows typical field-aligned electric field as well as the field-aligned current

density in the equatorial plane, with typical field lines through the strong perturbations

in the MPBL from the equatorial plane back into the ionosphere. Also, in the equatorial

plane the strong perturbations in E∥ indicate the KAWs around the MPBL. The typical

magnetic field lines locally in Figure 4.18 are still similar to that of dipole field into the

ionosphere, so it may be well seen that these perturbations can be mapped to the inner

boundary of the magnetosphere and thus partly can be regarded as ionospheric current

density [111]. Note that since the background current round the magnetopause is from

dawn to dusk [112], a steadily negative field-aligned current component is observed in Figure

4.18. For B ≃ 10nT and N ≃ 5c.c.−1 in the solar wind normalization scale, one has

J0 ∼ 3× 10−7A ·m−2. In the previous 2-D model [111], this mapping could be estimated by

a factor of
√
BM/BI ∼

√
(1RE)2/(10RE)2 = 0.1, where BM and BI are the magnetic field

strengths at the magnetopause and the ionosphere, respectively. For the strong perturbations

in E∥, characterizing the KAWs, on the magnetopause shown in Figure 4.18, a field-aligned

current density of ∼ 2 - 4J∥ is seen. Because of the 3-D nature of the geo-magnetic field

topology, the B field and the cross-section area of flux tubes vary as r−3. Therefore, in the

assumption that nearly 4-6% of the magnetopause currents would be able to propagate into

the ionosphere, the field-aligned current density J∥ that would penetrate the magnetosphere

into the ionosphere is of the order of 10−6A ·m−2, consistent with previous 2-D estimation

[111] and observations [113, 114, 115, 116, 117, 118].
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Figure 4.18: The field-aligned electric field and current density in the equatorial plane with
typical field lines through the strong perturbations into the ionosphere. The top panel shows
the case of Bx = −0.866B0, By = −0.5B0 and Bz = 0 in IMF at t = 170; the bottom panel
corresponds to the case of Bx = −0.470B0, By = −0.814B0 and Bz = 0.342B0 in IMF at
t = 90.
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4.6 Summary

In summary, 3-D global hybrid simulations of mode conversion at the dayside magne-

topause under various IMF conditions have been carried out. The results are also com-

pared with satellite observations at the dayside magnetopause. Meanwhile, 3-D broadband

structures of KAWs in the downstream of the quasi-parallel shock are tracked. The global

propagation and evolution of the waves are presented. The main results can be summarized

as follows.

1. The structure, propagation, and time evolution of KAWs, with k⊥ρi ∼ 0.5 - 1 and

satisfied with the Alfvén resonance condition ω ≃ k∥VA, from mode conversion in the 3-D

magnetopause are identified and presented for cases with various IMF conditions.

2. Mode conversion in the downstream of the Q-∥ shock and magnetospheric field line

oscillations at Q-∥ region are more intense than those in Q-⊥.

3. The Alfvén mode test shows that the KAW structures satisfy the Alfvén wave

polarization conditions, and the spectral analysis for the wave modes dominated by the

azimuthal wave number (or mainly ky in the case with a radial IMF) substantiate these

KAW characteristics.

4. The KAW perturbations, carrying the Poynting flux and field-aligned currents, prop-

agate poleward into the cusp region along the MPBL, and are carried away azimuthally by

the convection plasma flows.

5. Due to the different flow convection speeds at various latitudes, the KAW packets

expand along the north-south direction and may thus be weakened, while they may also

merge with newly formed KAWs due to newly arrived compressional waves.
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Chapter 5

Summary and Future Work

In summary, 3-D global hybrid simulations of mode conversion at the dayside magne-

topause associated with the quasi-parallel shock have been carried out. The mode conversion

from compressional waves originating at the bow shock/foreshock to KAWs is investigated.

The main results can be summarized and listed below.

1. The wave structure, propagation, and time evolution in the 3-D magnetopause are

presented. As the self-generated compressional wave structures propagate from the foreshock

toward and impinge on the MPBL, strong E∥ are excited during their interaction with the

MPBL, together with the presence of correlated transverse perturbations in By, Viy, and J∥.

These structures, with k⊥ρi ∼ 0.5 - 1, are found to be KAWs due to the mode conversion

process for cases with various IMF conditions.

2. The Alfvén mode test shows that the KAW structures satisfy the Alfvén wave polar-

ization conditions. Especially, the evolution of the KAWs lead to the generation of KAWs

dominated by the azimuthal wave numbers ky in radial IMF, consistent with the previous

3-D hybrid simulation for mode conversion in a slab geometry of the MPBL. A spectral

analysis for the wave modes dominated by ky reveals that the dependence of transverse wave

polarization of Ey(ky)/Bx(ky) on the perpendicular wave number ky is in agreement with

the theoretical results for KAWs. Besides, the wave spectra of the strongly enhanced E∥ for

these modes agree with those predicted by theories and simulations.

3. These KAW perturbations propagate poleward into the cusps around the MPBL,

carrying the electromagnetic energy along field lines. Due to the differential flow convection

speeds at various latitudes, the KAW packets expand along the north-south direction and

may thus be weakened, while they may also merge with newly formed KAWs due to newly
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arrived compressional waves, and carried away azimuthally by the convection plasma flows

under various IMF conditions.

4. The mode conversion occurs in the MPBL due to the drastic increase of the local

Alfvén speed VA earthward. As the compressional waves approach the MPBL, the Alfvén

resonance condition ω ≃ k∥VA is found to be satisfied at the increased VA. The resulting

KAWs are found to decay into the magnetosphere. The 3-D structures of correlated E∥ and

By are presented, indicating the spatial scales of KAWs from mode conversion process.

5. The power spectrum analyses of transverse and compressional components of the

magnetic field reveal that the magnetosheath is abundant with compressional waves, while

enhanced transverse waves appear around the MPBL region due to the mode conversion

process.

6. Mode conversion in the downstream of the Q-∥ shock and magnetospheric field line

oscillations at Q-∥ region are more intense than those in Q-⊥.

As seen in the preceding chapters, the current work mainly deal with the identifica-

tion of KAWs and their propagations due to the mode conversion process at the dayside

magnetopause under various IMF conditions. Plasma heating and transport across the mag-

netopause globally in the resulting KAWs, however, has not been investigated at all. Plasma

heating by the KAWs from mode conversion can be hardly predicted because one cannot rule

out other possibilities, such as ion Landau damping, that are mixed in the whole problem.

Particle transport is extremely hard to be calculated or estimated, in the 3-D hybrid global

simulations, not only because of the strong perturbation of the incident magnetic pulses in

the ambient magnetic field, but because of the complication of the 3-D nature of the MPBL

and the non-uniformity of the convective magnetized plasmas. Besides, the electron effects,

such as electron Landau damping, are not included in the current hybrid model at all. But

with the development of the computational power and impovement of the model, these issues

will be casted light on in the foreseeable future.
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