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ABSTRACT OF THE DISSERTATION

Equatorial Magnetosonic Waves in the Earth’s
Inner Magnetosphere

by

Qianli Ma
Doctor of Philosophy in Atmospheric and Oceanic Sciences
University of California, Los Angeles, 2015
Professor Richard M. Thorne, Chair

This dissertation presents a systematic study of the equatorial magnetosonic waves
in the Earth’s inner magnetosphere, addressing important issues which include
the global distribution, energy source, propagation properties, and potential scat-
tering effects. Equatorial magnetosonic waves are highly oblique whistler-mode
electromagnetic emissions between the proton gyrofrequency and the lower hy-
brid resonant frequency, widely distributed in the Earth’s inner magnetosphere,
and may potentially cause electron acceleration in the radiation belts. The recent
equatorial spacecraft THEMIS and the Van Allen Probes provide excellent ob-
servations on equatorial plasma waves. A global survey of magnetosonic waves is
performed using THEMIS wave data products. The statistics show that the most
intense magnetosonic waves are distributed near the dayside outside the plasma-
pause, with maximum root-mean-square averaged wave amplitudes between 50
and 100 pT and occurrence rates between 10% and 40%. An instability anal-
ysis is performed on a typical magnetosonic wave and locally observed ion ring
distribution event. The unstable ion ring distribution could provide free energy
for the wave excitation outside the plasmapause or in the outer region of the
plasmasphere. Although magnetosonic waves cannot be excited deep inside the

plasmapause, the waves observed there can originate from the outer region and re-
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main trapped in the plasmasphere. The wave perpendicular propagation analysis
demonstrates the importance of wave trapping in explaining the wave existence
in the plaspasphere. The magnetosonic waves can cause electron pitch angle and
energy scattering via Landau resonance and transit time effects, which lead to
electron acceleration in the radiation belts. The investigation of their influences
on energetic electrons in the Earth’s inner magnetosphere shows that the acceler-
ation time scale is generally tens of days. Using both observational and modeling
techniques, this thesis provides comprehensive information about equatorial mag-

netosonic waves in the inner magnetosphere.
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Example of data collected by Cluster 4 on 17 February 2002. From
the top: (a) sum of the power-spectral densities of the three mag-
netic components, (b) sum of the power-spectral densities of the
two electric components ; (c) ellipticity and (d) planarity are de-
termined using the singular value decomposition of the magnetic
spectral matrix. Universal time (UT) and position of the space-
craft are given on the bottom of the figure using the radial distance
(R) in the Earth radii (Rg), magnetic dipole latitude (MLat) in
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Magnetic power spectra as a function of wave frequency observed
by Cluster 1, 2, and 3 between 16:40 and 16:50 UT on 4 December
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by an order of magnitude. [Santolik et al., 2002) . . . . . . . ...

Stix parameters P, R, L, S, and D, refractive index n, and absolute
values of wave electric (E) and magnetic (B) field components for
typical magnetosonic waves at L = 4.5 inside the plasmapause.

The wave normal angle is 89.5°. Sheeley’s density model is used. .

Stix parameters P, R, L, S, and D, refractive index n, and absolute
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nT), and active (AE* > 300 nT) conditions. [Meredith et al., 2008]
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CHAPTER 1

Introduction

The Earth’s inner magnetosphere is home to many spacecraft, which are influenced
by the dynamic variability of the radiation belts. Such variability is associated
with disturbances on the Sun and coupled to phenomena in the upper atmosphere.
This is a brief introduction about the Earth’s inner magnetosphere. We will specif-
ically discuss the structure of the Earth’s magnetosphere and it’s relation with the
ambient solar wind influences, the motion and drift path of charged particles in
the inner magnetosphere, the important plasma waves and their interactions with

the particles, and particle diffusion processes in the radiation belts.

1.1 The Earth’s magnetosphere

The magnetosphere is a space area where the Earth’s intrinsic magnetic field dom-
inates the motion of charged particles. It expends from several hundred kilometers
above the Earth’s surface to about ten earth radii (1 Rg ~ 6370 km) at the sub-
solar point near the dayside. The magnetosphere naturally forms a shield for the
planet Earth from the direct impacts of outside solar winds [Kivelson and Russell,

1995].

The dominant component of the Earth’s intrinsic magnetic field is a dipolar
magnetic field. The geometry of dipole field line is illustrated in Figure 1.1 and
expressed as r = Ry cos? \, where r is the distance from the Earth’s center to the

field line, Ry is the equatorial distance on the same field line, and A is the latitude.



The Earth’s magnetic dipole moment is M, = 7.9 x 10 ¢cm3G, and the magnetic
field strength near the equator at the surface is about 0.3 G. The magnetic field

strength at an equatorial distance of Ry is By = M,/R3.

The Earth’s space environment is significantly influenced by the solar activi-
ties [e.g., Akasofu and Kamide, 1987]. Solar wind is a stream of tenuous plasma
continuously flows from the upper atmosphere of the sun towards the interplan-
etary region. When the solar wind encounters the Earth’s magnetosphere, the
bow shock is formed to decelerate the supersonic solar wind flow. As a conse-
quence, the Earth’s magnetic fields become distorted, compressed at the sunward
direction and elongated at the anti-sunward direction. A sketch of the Earth’s
distorted magnetosphere is presented in Figure 1.2. The solar wind flow velocity
is reduced and deflected in the magnetosheath after impinging on the bow shock.
Magnetopause forms as a balance between the solar wind dynamic pressure and
the Earth’s magnetic pressure, and is the outer boundary of the Earth’s magneto-
sphere. At the distant anti-sunward direction, the magnetosphere has a tail-like
structure. The magnetic fields in the northern lobe point towards the Earth, and
the fields in the southern lobe direct towards the tail. The northern and southern
lobes are separated by plasma sheet, which is a sheet-like region containing denser
plasma and lower magnetic fields near the magnetic equator. The plasma trans-
port and particle injection from the tail plasma sheet to the near Earth region

cause geomagnetic disturbances.

The Earth’s inner magnetosphere generally refers to the region below ~ 8Rp,
which is closely related to the dynamics of the upper atmosphere. The electrons
and ions are injected from the nightside plasma sheet and drift around in the inner
magnetosphere. The energetic electrons are subsequently trapped by the Earth’s
magnetic fields and form the radiation belts, which may become hazardous to the
nearby spacecraft. The existence of radiation belts is first confirmed by Explorer

1 and Explorer 3 as early as the year 1958 [Van Allen and Frank, 1959], and the



Earth’s radiation belts present a two-zone structure in equilibrium state [Lyons
and Thorne, 1973]. The dynamics of the Earth’s inner magnetosphere is strongly
affected by the variations in the solar activities, as shown in twenty years variations
in Figure 1.3. The top panel in Figure 1.3 presents the sunspot number (black
line), which is an evaluation of the solar activity, and the solar wind speed (red
line). The sunspot number shows clearly the 11 year solar cycle variations. The
bottom panel presents the ~ 2 MeV electron fluxes as a function of L shell, and
Disturbance storm time (Dst) index (black line) which is a measure of geomagnetic
storm activities. Here L is the equatorial distance of the field line in units of Rg
if the magnetic field was adiabatically released into a dipole magnetic field. The
radiation belt particles are highly variable during the 20 years, and the variations

are closely associated with the sunspot number and solar wind pressure variations.

Thermal particles are completely dominated by the Earth’s geomagnetic fields
and co-rotate with the Earth in the plasmasphere. Plasmasphere is a region that
contains dense (higher than 100/cm™2) and low energy (several eV) electrons, with
contrast to the plasmatrough where the plasma density drops one order lower.
The plasmasphere extends from the top of the ionosphere to about 6 Rg during
geomagnetically quiet periods. The outer boundary of the plasmasphere is the
plasmapause. Figure 1.4 shows the empirical best fitting of the CRRES measured
density as a function of L shell [Sheeley et al., 2001]. For a virtual plasmapause
located at L = 4.6, the plasma density drops from ~ 100 cm™ to ~ 10 cm ™. The

Sheeley’s plasmasphere density model is commonly used to provide an estimate

of the plasmaspheric density, which is expressed as n, = 1390 x (3/L)*#3 [cm™3].

1.2 Particle motion in the inner magnetosphere

The dynamics of the charged particle are mainly affected by the electric (E) and
magnetic (B) fields in the Earth’s inner magnetosphere [e.g., Walt, 1994]. The



source of the magnetic field in the Earth’s magnetosphere is mainly composed
of the Earth’s geomagnetic field By, the induced magnetic field by the magneto-
spheric currents, and the plasma wave magnetic fields B,,; the source of the electric
field is mainly composed of the convectional electric field E.,,, co-rotational elec-
tric field F,,, and the plasma wave electric fields E,,. In general, the motion of

the particles is described by the momentum equation:

ij_lt) =q¢(E+v x B), (1.1)

where p = ymgVv is the particle momentum, ¢ is the charge of the particle, mg
is the rest mass, v is the particle velocity, t is time, E is the electric field, B is
the magnetic field, v = 1/ m is the Lorentz factor, and c is light speed.
The motions of the electrons can be solved using the momentum equation by
test-particle simulations [e.g., Gendrin, 1974; Inan et al., 1978; Matsumoto and

Omura, 1981; Bell, 1984].

In strongly magnetized plasma, the particles perform gyration motion in the
plane perpendicular to the magnetic field B. The gyro-radius is r, = psina/¢B,
and the gyro-period is T, = 2mymo/qB. Here « is pitch angle of the particle,
which is the angle between the particle velocity and the magnetic field. In the
Earth’s radiation belts, the particles also experience perturbations other than
the background magnetic field, and the background magnetic field may be in-
homogeneous. If the spatial scale of the changes is larger than the gyro-radius,
and the temporal scale of the changes is longer than the gyro-period, the particle’s
magnetic moment is conserved. The first adiabatic invariant p is:

P?sin’ o = By (Ex + 2moc?) sin” (1.2)
2myB 2B(mgc?)

M:

where Fj, is the particle’s kinetic energy. As a consequence of the conservation of
1, when the particle moves closer to the Earth, the magnetic field B increases,

and the particle gains energy.



The particles perform bounce motion along the magnetic field line due to the
parallel component of the velocity. When the particles travel from the magnetic
equator to higher latitudes along the field line, the magnetic field increases, and the
pitch angle increases to 90° at the mirror point because p is conserved. Therefore,
the particles perform bounce motion between the two conjugate mirror points. If
the outside perturbations and variations are slower than the bounce period, the

second adiabatic invariant J is conserved:

J = fpdl (1'3)

where [ is the distance from the equator to the particle position along the field
line, and the integral is performed for a full bounce period. When the particles
moves closer to the Earth where the field line is shorter, the parallel momentum

increases due to the conservation of J.

In presence of the electric fields and the in-homogeneous background magnetic
fields, the particles perform drift motion perpendicular to the magnetic field. The

electric drift velocity is:

ExB
VExB — BQ . (14)
The magnetic gradient drift velocity is:
2
by
radB = ———=(B X VB). 1.5
VgradB Qmqug( x VB) (1.5)
The magnetic curvature drift velocity is:
2
]
curvB — B x VB). 1.6
Veursn = s (B x T B) (1.6)

Although the electric field drift is independent of the particles, the magnetic
drift depends on both the charge and energy of the particles. The dawn-dusk
convectional electric field causes the particles in the nightside plasma sheet to
drift Earthward; the co-rotational electric field which directs towards the Earth’s

center leads the particles to drift eastward below the Alfven layer; the magnetic



gradient and curvature leads the electrons to drift eastward and high energy ions
to drift westward in the inner magnetosphere. The low energy ions drift eastward

due to the dominant electric field drift.

In association with the drift motion, the third adiabatic invariant

= /B-dS (1.7)

is conserved when the drift orbit is closed in the magnetosphere and the timescale
of other perturbations is longer than the drift period. The third adiabatic invariant

is equivalently and more conveniently used as the conservation of Lsx:

2 M,
ORy

Lx = (1.8)

The three adiabatic invariants provide a simplified and physically clearer ex-
planation about the dynamics of energetic particles in the Earth’s radiation belts.
Figure 1.5 is a sketch of the particle’s gyration, bounce, and drift motions in the
Earth’s radiation belts. In absence of the other perturbations, the energetic par-
ticles stay trapped in the Earth’s radiation belts. However, the various plasma
waves in the magnetosphere may have timescales comparable to the periods of the

particle’s motions, and lead to the violation of the three adiabatic invariants.

1.3 Plasma waves in the inner magnetosphere

The Earth’s magnetosphere provides a collision-less magnetized environment where
the variations in the trapped energetic particle populations are mainly controlled
by the interactions with magnetospheric waves. The knowledge of the presence
of the plasma waves (Figure 1.6) and the wave properties are critical for under-
standing the non-adiabatic dynamics of the particles, simulating the evolution of
particle populations, and predicting the space weather changes under the influ-

ences of solar activities.



The Ultra Low Frequency (ULF) waves (mHz) are mainly responsible for the
violation of the third adiabatic invariant and lead to the particle diffusion across
different L shells in the radiation belts [e.g., Cornwall, 1972; Brautigam and
Albert, 2000; Brautigam et al., 2005; Ozeke et al., 2014]. ULF waves are excited
by the perturbations on the magnetopause caused by the fluctuating solar winds.
The direction of radial transport of the particles is determined by the phase space
density gradient as a function of L shell. Normally the electron phase space
density increases with increasing L close to the Earth, so the radial diffusion
process provides the source of electrons from the outer region to the heart of the
radiation belts. However, when the local heating is robust in the radiation belts,
the phase space density may form a local peak at lower L shell, causing efficient

outward diffusion.

The major source of the local heating of the energetic electrons is whistler-
mode Chorus emissions. Chorus waves are coherent electromagnetic emissions
with frequencies between ~ 0.1f.. and f.., where f.. is the electron gyrofrequency
le.g., Li et al., 2009]. When the plasma sheet electrons are injected from the
nightside and drift eastward towards the dayside, the an-isotropic distribution
of the electron phase space density gradually forms, and the unstable electron
distribution provides the source energy for chorus wave excitation by cyclotron
resonances. Chorus waves are typically observed over a broad spatial region on
the nightside-dawn-dayside sectors outside the plasmapause [e.g., Li et al., 2011].
During the cyclotron and Landau resonant interactions, chorus waves affect cause
loss of plasma sheet electrons at energies around tens of keV by pitch angle scat-
tering [e.g., Shprits et al., 2006; Tao et al., 2011; Thorne et al., 2010; Ma et al.,
2012], and enhancement of relativistic electrons at energies around several MeV
by stochastic acceleration [e.g., Reeves et al., 2013; Thorne et al., 2013a; Tu
et al., 2014; Fennell et al., 2014; Foster et al., 2014; Li et al., 2014b]. Chorus

waves provide an efficient way to transfer energy from plasma sheet electrons to



the radiation belts.

Another possible source of electron acceleration is fast magnetosonic waves.
Magnetosonic waves are electromagnetic emissions with frequencies between f,,
and frpr and are typically observed near the magnetic equator, where f,, is the
proton gyrofrequency and fryg is the lower hybrid resonance frequency. When
the ions perform energy dependent drift from the nightside plasma sheet, positive
gradients in ion phase space density distribution as a function of perpendicular
energy forms, and provide free energy for magnetosonic wave growth. Magne-
tosonic waves are widely distributed near the dayside both inside and outside the
plasmapause. The waves are highly oblique and can accelerate the radiation belt
electrons via Landau resonance. Magnetosonic waves also interact with low en-
ergy protons and lead to the loss of protons due to pitch angle scattering. More
details about the magnetosonic waves in the Earth’s inner magnetosphere will be

provided in the following chapters.

Plasmaspheric hiss is frequently observed at high density regions in the inner
magnetosphere. Hiss emissions are incoherent electromagnetic waves with a wide
frequency band mostly between 50 Hz and 1000 Hz [e.g., Li et al., 2013a]. Un-
like chorus or magnetosonic wave events, hiss event is generally structureless with
nearly constant frequency band. Besides the local generation by the plasma sheet
electron injections, hiss waves may be generated from chorus waves which prop-
agate from the lower density plasmatrough to the higher density plasmasphere
le.g., Bortnik et al., 2008, 2009; Chen et al., 2014]. Hiss waves may propagate
along the field lines and be reflected at high latitudes, presenting propagation
properties and wide ranges of distribution. During the resonant interactions, hiss
waves typically cause the loss of energetic electrons with energies from tens of keV
to several MeV in the plasmasphere, causing the decay of radiation belt particle

fluxes [e.g., Ni et al., 2013, 2014].

Electro-Magnetic Ion Cyclotron (EMIC) waves provide an efficient loss mech-



anism for highly relativistic electrons [e.g., Albert, 2003; Kersten et al., 2014).
EMIC waves are discrete electromagnetic emissions at different frequency bands
separated by gyro-frequencies of different ion species. The an-isotropic distri-
butions of the ion phase space densities formed during the drift motion provide
the source energy of EMIC wave excitation [e.g., Chen et al., 2009a,b; Usanova
et al., 2010]. EMIC waves are generally observed with amplitudes of ~ 1 nT in
high density regions near the plasmapause boundary or inside the drainage plume.
Meredith et al. [2014] have provided the global distribution of EMIC waves under
different geomagnetic conditions. EMIC waves cause the pitch angle scattering
loss of relativistic electrons with energies higher than 1 MeV due to cyclotron
resonance [e.g., Li et al., 2007; Usanova et al., 2014], and also cause the precip-
itating loss of ring current protons. During the scattering by EMIC waves, the
relativistic electrons form a "top hat’ pitch angle distribution which is confirmed

by satellite observations [Usanova et al., 2014].

1.4 Magnetosonic waves and particles

As a highly oblique electromagnetic wave mode occasionally observed in the vicin-
ity of the Earth’s magnetic equator, magnetosonic waves have been an interesting
topic soon after its first discovery in the 1960s. Both theoretical and observational
researches have been performed to investigate the potential roles of magnetosonic

waves in the Earth’s radiation belts.

The ring current ions can provide the energy source for the growth of magne-
tosonic waves. When the ions perform energy dependent drift [e.g., Lyons and
Williams, 1984; Jordanova et al., 2010], the ion ring distribution naturally forms
near the dayside as shown in Figure 1.7. The ion phase space density (f) distribu-
tion has a peak value around the energy of tens of keV and a dip value around the

energy of several keV (Figure 1.7). The positive slope between the dip and peak



energies is not stable, and could excite magnetosonic waves if the Alfven energy is
close to this range [Chen et al., 2010]. The major part of convective wave growth

rate can be approximated as:

Ki ~ A dUJ_WJ_%“H:o, (19)

where v; and v are perpendicular and parallel velocities respectively, and W
is the weighting function. The magnetosonic waves will significantly grow if W
reaches maximum value at a perpendicular velocity close to the positive slopes of
STJ:. As a consequence, the magnetosonic waves are typically excited in a wide re-
gion near the dayside both inside and outside the plasmapause, and higher (lower)
frequency waves are excited where the total plasma density is lower (higher) [Chen

et al., 2010].

Intense magnetosonic waves have an impact on the radiation belt electron dy-
namics. As presented in Figure 1.8, the magnetosonic waves are mainly confined
within 2 ~ 3 degrees near the magnetic equator. When the energetic electrons
stream from one side of the hemisphere to another (Figure 1.8¢c), they encounter
the waves and are scattered in pitch angle and energy. The perturbations in
pitch angle and energy are evaluated in diffusion coefficients, and the impacts on
the electron populations can be simulated by numerically solving the diffusion
equations. Landau resonance is mainly responsible for the interactions between
energetic electrons and magnetosonic waves [Horne et al., 2007]. Landau reso-
nance is caused by the parallel electric field in the frame of moving electrons,
which leads to constant acceleration of electrons in the parallel direction. The
investigation of an intense magnetosonic wave event with amplitude greater than
200 pT shows that the magnetosonic wave can accelerate electrons in a timescale
of 1 day [Horne et al., 2007]. In addition, because of the equatorial confinement
of the waves, the electrons may experience only a fraction of the wave period and
be scattered by the perpendicular electric field. This effect is explained as transit-

time scattering by Bortnik and Thorne [2010], simulated by Li et al. [2014a], and

10



further formularized by Bortnik et al. [2015].

1.5 Particle diffusion in the radiation belts

The Earth’s outer electron radiation belt is highly variable due to various source
and loss processes [e.g., Reeves et al., 2003; Thorne, 2010; Baker et al., 2013;
Turner et al., 2014]. The dynamics of energetic electrons in the Earth’s outer ra-
diation belt are strongly affected by wave-particle interactions, and the evolution
of the electron population can be reasonably described using quasi-linear theory
[Kennel and Engelmann, 1966; Lyons, 1974a,b|. Electrons resonant with Ultra
Low Frequency (ULF) waves violate the third adiabatic invariant and undergo
radial diffusion, causing radial electron transport [e.g., Cornwall, 1972; Shprits
et al., 2008a; Ozeke et al., 2014]. Electrons resonant with higher frequency electro-
magnetic waves violate the first and second adiabatic invariants and undergo pitch
angle and energy diffusion, causing precipitation loss into the atmosphere and en-
ergy exchange with the waves [e.g., Albert, 2004, 2007, 2009; Glauert and Horne,
2005; Horne and Thorne, 1998; Li et al., 2007; Shprits et al., 2008b; Summers,
2005; Xiao et al., 2009, 2010].

The evolution of the radiation belt particle phase space density due to the
radial, pitch angle, and energy diffusion processes can be described by the modified
Fokker-Planck equation [e.g., Schulz and Lanzerotti, 1974]:

of
ot

a DL*L* a.f

oL+ "Ter oL )
1 0 of

+ - S (e ) SIN Qleg COS Qreq (D —
S (Cteq) SN Qe COS Qg 8a6q|L*’p (5(0req) e cal aeqae“>8aeq|L*’p )

1 ) . of
% e e e Da a | Lx«
+ S(aeq> sin (loq COS Qg aaeq |L 7P(S(a q) SII (req COS (¢ q< eqp> ap L, )
10 ) of
5 A | Lxa D o | Lx
p2 aplL s (p < D eq>aaeq|L 717)

19 of
+ Ea_plL*,a(p2<DPp>a_p L*,Oé)v (110)

= L%
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where f is the electron phase space density and related with differential energy flux
as [ = j/p?, aeq is equatorial pitch angle, ¢ is time, p is particle momentum, Dy,r.
is radial diffusion coefficient, and (Da.yaeq)> (Dpp) and (Dauyp) = (Dpae,) denote
bounce-averaged diffusion coefficients in pitch angle, energy, and mixed terms
respectively. The drift and bounce frequencies are generally evaluated in a dipole
magnetic field [e.g., Hamlin et al., 1961; Walt, 1994]. S(a.q) is a function related
to the bounce period and in a dipole field it can be approximated by S(aeq) =
1.38 — 0.328in cteq — 0.324/sin aeq [Lenchek et al., 1961]. The diffusion equations
can be numerically solved using different particle differential equation schemes
le.g., Albert and Young, 2005; Chang and Cooper, 1970; Ma and Summers, 2001;
Su et al., 2009; Subbotin and Shprits, 2009; Subbotin et al., 2010; Tao et al., 2008;
Tu et al., 2013, 2014; Ma et al., 2015].

The Doppler-shifted resonant condition for resonant interactions between elec-
trons and plasma waves is

W — k‘HU” = nQe/'y, (1.11)

where w is the wave frequency, kj is the wave number parallel to the ambient
magnetic field, v is the parallel velocity, n is the resonant harmonic order, €1, is

the electron gyro-frequency, and + is the relativistic factor.

Figure 1.9 presents one example of radiation belt modeling. During quiet pe-
riods, gradual diffusion and slow decay of energetic electrons is a common feature
observed by satellites in the radiation belts [Baker et al., 2013, 2014]. The time
series analysis of energetic electrons (Figure 1.9 a-d) clearly shows that the elec-
tron fluxes at multiple energy channels of Van Allen Probes diffused inward by
0.5 Rg and decayed by one order from March 06 to March 17 in 2013. By in-
corporating the roles of radial diffusion and scattering by plasmaspheric hiss and
EMIC waves, the three dimensional simulation of radiation belt electrons (Figure
1.9 f-i) presents the diffusive profiles during 10 days, in good agreement with the

observations. In absence of scattering by EMIC waves, the electrons are energized
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when transported from higher L due to the lack of loss processes. Here Lx is
obtained from the TS05 magnetic field model [ T'syganenko and Sitnov, 2005]. The
3D radiation belt model is a useful technique to explain the dynamics of energetic

particles.

When the local wave-particle interaction processes are dominant in the heart
of radiation belts, it’s useful to perform a local simulation by numerically solving

the 2D Fokker-Planck equation:

of 1 ) of

o~ ST e g (5(0) 00 00300 D) )
* ST e B Sl sin o8 (D) )
¥ #%@%D@%{q)
b ), (1.12)

The 2D Fokker-Planck equation can be solved efficiently and accurately us-
ing the Alternative Directional Implicit (ADI) method. The various diffusion
coefficients are calculated based on the wave frequency spectrum, wave normal
distribution, wave latitudinal distribution, and wave amplitude [e.g., Ni et al.,
2008, 2011; Shprits and Ni, 2009]. The local acceleration of highly energetic elec-
trons from 100 keV to several MeV due to the interactions with chorus waves
[Thorne et al., 2013a; Li et al., 2014b] and the loss of energetic electrons in the
radiation belts due to hiss waves [ Thorne et al., 2013b; Ni et al., 2013, 2014] have

been successfully simulated using the 2D radiation belt model.

1.6 Summary

The plasma waves and energetic particle populations have significant roles in the
inner magnetosphere dynamics and space weather variations. To explain various

related phenomena in the inner magnetosphere and apply them to the modern
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space technique, it’s important to understand the wave distribution under dif-
ferent conditions, the source of important plasma waves, the wave trajectory in
the magnetosphere, and the effects on the energetic particle populations due to
scattering by the plasma waves. The recent scientific spacecraft provide ideal
observations of the space environment, and the theoretical and modeling efforts

bring the physical knowledge to a new level.

This thesis focus on the equatorial magnetosonic waves in the inner magne-
tosphere. The format of this thesis is as follows: the basic properties of equa-
torial magnetosonic waves is discussed in Chapter 2; the global distribution of
magnetosonic waves observed by THEMIS is discussed in Chapter 3; Chapter 4
presents the excitation of mangetosonic waves in typical plasma conditions; Chap-
ter b presents the equatorial propagation properties of magnetosonic waves in the
plasmasphere; the potential scattering effects due to typical global magnetosonic

waves is discussed in Chapter 6; Chapter 7 is the summary of the thesis.
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Figure 1.1: The Earth’s dipole magnetic field. Ry is the equatorial radial distance,
A is the magnetic latitude, r is the distance from the field line to the center of the

Earth.
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Figure 1.2: The structure of the Earth’s magnetosphere. [Figure from Wikipedia

(http://en.wikipedia.org/wiki/Magnetosphere).  Original bitmap from NASA.
SVG rendering by Aaron Kaase.|
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Figure 1.3: The twenty years variation of solar activities and radiation belt par-
ticle fluxes. (top) Yearly averaged sunspot number (black) and weekly averaged
solar wind speed (red). (bottom) Monthly averaged electron flux at an energy
of ~ 2MeV as a function of L shell. The black line in the bottom panel is the
monthly averaged Dst index. [Li et al., 2013b]
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matrough and at the local time of 3.5 UT; (b) density in the plasmasphere. The
solid lines are fitting results, and the diamonds are averaged data at each L shell
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Figure 1.5: An illustration about the particle’s gyration, bounce, and drift behav-

iors in the Earth’s radiation belts. [Mars, 2002]
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Figure 1.6: Spatial distribution of important waves in the inner magnetosphere,
in relation to the plasmasphere and the drift-paths of ring current (10-100 keV)

electrons and ions and relativistic (> 0.3 MeV) electrons. [Thorne, 2010]
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Figure 1.7: The ion ring distribution near the dayside magnetosphere observed
by THEMIS A around 03:11 UT on November 24, 2010. Phase space density is

plotted as a function of parallel and perpendicular energies. [Ma et al., 2013]
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Figure 1.8: Schematic of magnetosonic wave geometry showing (a) obliquity, ray
trajectory ’snaking’ about the equator, equatorial confinement, and resultant ex-
tent of k|, (b) distribution of magnetic amplitude as a function of latitude, and (c)
pitch angle scattering of Ej = 300 keV, ag = 55° electrons due to magnetosonic

waves. [Bortnik and Thorne, 2010]
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Figure 1.9: The comparison between the observation and simulation of equatori-
ally mirroring electron fluxes from 12:00 UT on 6 March to 12:00 UT on 16 March
2013. The Van Allen Probe observation of electron differential flux as a function
of Lx for an energy of (a) 0.59 MeV, (b) 1.01 MeV, (c¢) 2.00 MeV, (d) 3.60 MeV,
and (e) the Kyoto Kp index multiplied by 10 (black line), the hiss wave ampli-
tude averaged over L = 4 to 5 (red line), and the EMIC wave amplitude with
an intensity of B2 = 0.1nT? when Kp > 2 (blue line). Full simulation results of
electron differential flux as a function of Lx for an energy of (f) 0.59 MeV, (g)
1.01 MeV, (h) 2.00 MeV, (i) 3.60 MeV, and simulation of the electron differential
flux evolution without EMIC wave scattering for an energy of (j) 3.60 MeV. [Ma
et al., 2015]
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CHAPTER 2

General properties of magnetosonic waves

Fast magnetosonic waves are unique whistler-mode emissions with highly oblique
wave normal angles and confined narrowly near the Earth’s magnetic equator,
and have distinct characters from other wave modes in the magnetosphere (e.g.,
whistler-mode chorus, hiss, and EMIC waves). This chapter will focus on the
dispersion relation of magnetosonic waves and their properties in the inner mag-

netosphere.

2.1 Observed properties of magnetosonic wave events in

the Earth’s magnetosphere

The wide existence and high obliquity of magnetosonic waves have been confirmed
by the real-time satellite observations since the late 1960s. OGO 3 satellite ob-
served Extremely Low Frequency (ELF) signals when it was close to the Earth’s
magnetic equator at L ~ 4.5 on July 5, 1966 [Russell et al., 1970]. Plasmaspheric
hiss waves were identified at higher frequencies (300 - 600 Hz) due to the magnetic
perturbations at both parallel and perpendicular directions; magnetosonic waves
(also called ’equatorial noises’) were identified at lower frequencies (< 100 Hz) due
to the much stronger magnetic perturbations at parallel direction than perpen-
dicular direction and therefore the wave normal angles are large. The observation
by OGO 3 also showed that the magnetosonic wave events were mainly confined

near the magnetic equator.
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The observation of plasma waves in the Earth’s magnetosphere has been im-
proved since the launch of recent spacecraft. Cluster satellites provide information
about the magnetosonic waves when they cross the magnetic equator. Figure 2.1
is one example of magnetosonic wave event observed by Cluster 4 on 17 Febru-
ary 2002. Magnetosonic waves are identified by both magnetic (Figure 2.1a) and
electric (Figure 2.1b) wave power spectra in the frequency band of 20 - 100 Hz
at around 21:55 UT. Magnetosonic waves were detected within ~ 5° near the
equator, and Cluster satellites with high latitude obits can provide ~ 20 min con-
tinuous observation of the event around their perigees. The wave polarization
properties were obtained using the singular value decomposition of the magnetic
spectral matrix. Figure 2.1c shows the ellipticity of the waves which varies from
0 (linear polarization) to 1 (circular polarization). The magnetosonic wave has
low ellipticity and therefore are nearly linearly polarized. Figure 2.1d shows the
planarity of the waves. The planarity magnetosonic wave is high, which means
that the wave is nearly a single 2D plane wave. The wave polarization information
can be used to identify magnetosonic waves from other emissions occurring in the

similar frequency band and locations (e.g., plasmaspheric hiss).

Magnetosonic waves are observed between the proton gyrofrequency and the
lower hybrid resonance frequency. The detailed wave frequency spectrum analysis
has shown that the wave frequency spectrum is strongly modulated by the har-
monics of proton gyrofrequency. Figure 2.2b presents one example of magnetic
power spectrum as a function of wave frequency observed by Cluster satellites. The
magnetosonic wave power clearly presents harmonics structures. At higher fre-
quencies between 130 Hz and 190 Hz, the spacing of peak frequencies is ~ 6.5 Hz,
which may be the proton gyrofrequency at the source of the waves. Magnetosonic
waves are mainly excited at multiple harmonics of the proton gyrofrequency, and

propagate in the equatorial plane from the source region.
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2.2 The cold plasma dispersion relation

The dynamics of electric (E) and magnetic (B) fields in general are described
by Maxwell’s equations, and the motion of particle is governed by momentum
equation. We will discuss small amplitude waves and linearize the relations. The
following assumptions are made in cold plasma theory derivations: 1. background
magnetic field By is uniform and B = By + By; 2. total background plasma
density ng is homogeneous and N = ng+ny; 3. there is no static electric field and
E = E;; 4. particle temperature is zero and u = u;. Here u is particle velocity,
subscript 0’ represents the zeroth order quantities, and subscript "1’ represents

the first order quantities caused by wave perturbations.

The linearized Maxwell’s equations are:

V-E =X (2.1)
€o
0B,
E,=——= 2.2
V x Eq ot ( )
1 OE
V x By = o + OE, (2.4)

2 ot
where t is time, ¢ is light speed, m is the mass, p is electric charge density, J
is electric current density, ¢¢ = 8.85 x 107'2F/m is vacuum permittivity, and

to = 1.26 x 107 H /m is magnetic permeability.

The linearized continuity equation is:

0
% + V- (nolh) =0 (25)

The linearized momentum equation is:

81_11

== %(E1 +u; x By) (2.6)

Here we consider two species plasma with protons and electrons. The gyrofre-

eB
quency is ) = — The charge density and current density are the sum of each
m
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species:

q= Z eny (2.7)
J= Z enouy (2.8)

Using equations (2.2) and (2.4) we can eliminate B; and obtain:

1 0°E, 0J

Vx(VxEl):—gW_MOE

(2.9)
We will use Fourier transform for the perturbations and assume that all varying

i(wt—k-x)

quantities are proportional to e’ . The wave refractive index is defined as

ke
n = —, and the conductivity tensor o is defined as:
w

J=0-E (2.10)

Equation (2.9) follows that:
n X (n X El) = —E1 + LO’ . E1 (211)

€W
By defining the dielectric tensor K = 1 — La, the wave dispersion relation
Eow
is:

nx(nxE)+K-E; =0 (2.12)

The particle momentum equation (2.6) is required to solve for o and K. The

momentum equation in (X, y, z) coordinate is:

iwu, — Quy, = el /m (2.13)
iwuy, + Qu, = eEy,/m (2.14)
iwu, =eE,/m (2.15)

The momentum equation can be simplified in a rotating coordinate (+, -, z):

I, =1, +il, (2.16)
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I_=1,—il, (2.17)

where I represents the quantities u, E, or J. The solution is:

. €E+
= —l—0 1
h Zm(w—i—Q) (2.18)
eb_
=i 2.1
u Zm(w —0) (2.19)
E
uy = —i (2.20)
mw

Combining equations (2.8), (2.10), and (2.18) - (2.20), the conductivity tensor

is solved as:

w2

pa
> TN 0 0
' Wy (2.21)
o = —1€ 0 P> 0 ) .
° 2. w— Qg )
w
0 0 _pa
2 w
N.e? . . .
where wp, = o is the plasma oscillation frequency. Equation (2.21) follows
0
that:
R 0 0O
K=o L 0], (2.22)
0O 0 P

where R, L, and P are Stix parameters:

w w?;
R=1- - — : 2.23
ww+ Q) ww+ Q) (223)
w2 w2,
L=1- e - = 2.24
ww—Q) ww-—Q) (224)
(")26 + w2i

Here the gyrofrequencies contain the sign of particles. To transform rotating
coordinate (+, -, z) into (x, vy, z), equations (2.16) - (2.17) follows that:

L+ L

I
2

(2.26)
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I, —1_
I, = +2i (2.27)

We can obtain the dielectric tensor:

1D 0
K=|_ip s o0 (2.28)
L
where the Stix parameters S = Uis and D = R

We can assume that the wave vector lies in x-z plane, and define the wave
normal angle ¥ as the angle between By and k, so that k, = ksiny, k, =0, k, =
k cos 1. By substituting equation (2.28) into (2.12) we obtain the following wave
dispersion relation which is consistent with the results in [Krall and Trivelpiece,

1973; Boyd and Sanderson, 2003]:

S —n?cos?y 1D  n?cosiysin E
—iD S —n? 0 E,| =0 (2.29)
n? cos 1) sin ¥ 0 P —n?sin?q E
By requiring the determinant of the matrix to be zero, this lead to:

An* — Bn* 4+ C =0, (2.30)

where the Stix parameters A, B, and C are:

A = Ssin®v + Pcos® ¢ (2.31)
B = RLsin*¢ + PS(1 + cos* 1) (2.32)
C = PRL (2.33)

Equation (2.30) has two solutions

B+ F
2 — 2.34
T oA (2:34)
where the Stix parameter F is:
F = \/(RL - PS)?sin' ¢ + 4P2D? cos? ) (2.35)
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2.3 Dispersion and polarization of magnetosonic waves

With the knowledge of wave total magnetic field amplitude, the different electric
and magnetic field components can be obtained from their ratios. The wave
polarization information is obtained from the Faraday’s law of induction (2.2)

and wave dispersion relation (2.29):

B, oP - n? sin? 1)) (2.36)
B, Pn cos '

E, D - n?sin? 1)) (2.37)
B,  Pncos(S — n?) '

E, —cnsiny

A s 2.

B, 2 (2.38)

B, —-D(P - n?sin? 1)) (2.39)
B, P(S —n?) '

B. _ Dsiny(P — n?sin’ 1)) (2.40)
B,  Pcosy(S —n?) '

Magnetosonic waves are highly oblique electromagnetic emissions between the
proton gyfrofrequency 2., and the lower hybrid resonance frequency wryr. The
wave vector is almost perpendicular to the background magnetic field By, i.e.,
ky > k., and k, = 0. The wave dispersion relation for highly oblique waves

(1 ~ 90°) is simplified as:
, RL
S

n (2.41)

For whistler-mode waves with wave frequency €., < w < . and assuming
Qe € Qe in the inner magnetosphere, we can confirm that R > 0 and L < 0,

and equation (2.41) implies that the wave only propagates where S < 0. Since
S_R+L
2

, S =0 leads to the lower hybrid resonance frequency:

WLHR =/ chQcp (242)
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S changes sign from negative to positive when wave frequency increases from
below wy g to above wy g, therefore the waves cannot propagate at frequencies

larger than wyyg.

Fast magnetosonic emissions are compressional mode waves. It is clear from
the wave polarization that for highly oblique waves B, > B, and B, > B,, so
that the wave mangetic field is almost aligned with the background magnetic field
By.

The polarization of electric field implies that the perpendicular electric field
component is dominant, i.e., £, < EF, and E, < L. Furthermore, the ratio

between E, and E), can be simplified as:

Lo L4 (2.43)

Because R > 0 and L < 0, E, is generally much larger than E,. Therefore,
wave electric field is nearly parallel to the wave vector k, and the electric field

perturbation is mostly longitudinal.

Figure 2.3 and 2.4 show Stix parameters, dispersion relations, and wave elec-
tric and magnetic components under typical plasma conditions at L = 4.5 inside
and outside the plasmapause, respectively. Full plasma dispersion relation is used
for the calculations. All variables are plotted as a function of normalized wave
frequency i The total wave magnetic field amplitude is assumed to be 100 pT
at different g:equencies. The wave normal angle is assumed to be 89.5°. The back-
ground magnetic field is assumed to be a dipole field. Sheeley’s total plasma den-
sity model is used to estimate ng inside and outside the plasmapause. As the wave
frequency increases, P decreases significantly, both R and L approach zero, and
S increases and changes sign at lower hybrid resonance frequency (~ 45f.,). The
refractive index n increases mono-chromatically and approaches infinity at lower

hybrid resonance frequency. For magnetosonic waves, F, and B, are dominant

components. At lower frequencies, |B.| > |B,| and |E,| 2 |E,|; at higher frequen-
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cies, |B,| 2 |B,| and |E,| > |E,|. The value of refractive index is much higher
inside the plasmapause than outside due to the difference in total plasma densi-
ties. The ratio of plasma frequency to electron gyrofrequency is fye/fee = 13.2

inside the plasmapause, and fy/ f.. = 4.7 outside the plasmapause.

2.4 Properties of magnetosonic waves in the magnetosphere

Magnetosonic waves in the magnetosphere have some unique properties due to
their highly oblique wave normal angle and wave polarization characters. Those
properties have significant effects in the wave excitation by ion distributions, prop-

agation in the plasmasphere, and interaction with radiation belt electrons.

Magnetosonic waves are mainly excited at multiple harmonics of proton gy-
rofrequencies. The wave growth rate calculation can be simplified for highly
oblique magnetosonic waves excited at w = mfl.,, where m is a whole number.

Because £ is small, the resonance condition between waves and protons
W — ]{JHUH = mchp (244)

requires large v when m # m,. The phase space density decreases significantly
with increasing velocity, therefore the major contribution to wave growth is from

the resonance with m, = m and v = 0.
The wave convective growth rate can be simplified as:

kLUL
Qo

Kioc/ dvym?J2 ( ) (2.45)
0

where J,, is the Bessel function. When m > 3, K, obtains the maximum value
w

when v, ~ T Therefore, magnetosonic waves will grow (damp) if the phase
i

space density gradient is positive (negative) at a perpendicular velocity compa-

rable to the wave phase speed. Because the wave phase speed is related to the

Alfven velocity vy = , the wave growth rate is strongly modulated by the

Hop
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relation between the ion ring distribution and the ion energy corresponding to the

Alfven speed.

The wave vector k of magnetosonic wave is almost perpendicular to the back-
ground magnetic field By, thus the magnetosonic wave propagates in the equa-
torial plane which leads to the narrow latitudinal distribution. The waves can
propagate both radially and azimuthally. The propagation paths of waves obey
Snell’s law, which means that the rays are refracted towards higher refractive
index direction. In absence of density structures, as L shell increases, since the
background magnetic field strongly decreases, the refractive index of magnetosonic
waves increases until the wave frequency reaches the local lower hybrid resonance
frequency. Therefore, in general the magnetosonic waves are refracted away from
the Earth. However, because the density drops significantly near the plasma-
pause boundary, the refractive index drops significantly from inside to outside the
plasmapause. The refractive index forms a local maximum value adjacent to the
plasmapause boundary, and the rays on either side are refracted towards the local
peak, naturally forming a trapping region of magnetosonic waves in the plasmas-
phere. The trapped magnetosonic waves are able to obtain multiple energy gains

when they pass the energy source from ion ring distributions.

Magnetosonic waves interact with radiation belt electrons mainly through Lan-
dau resonance. Landau resonance is due to the wave electric field parallel to the
particle’s velocity in the frame of moving particle, or equivalently, due to the
wave electric field parallel to By in the frame of moving particle when considering
the particle’s gyration and bounce motion. Figure 2.5 presents one example of
the resonance ellipse for the interaction between oblique magnetosonic waves and
energetic electrons. The central wave frequency is 33.3 Hz, central wave normal
angle is 89°, and the interactions occur around L = 4.5 outside the plasmapause.
Landau resonance (central vertical line) may lead to electron acceleration from

tens of keV up to ~ 1 MeV. The first order cyclotron resonance requires a particle

33



velocity of v = (w — Qc)/k), which corresponds to an electron energy higher
than ~ 10 MeV, and therefore is not important in energetic particle dynamics.
In addition, because the magnetosonic waves are confined in a narrow region near
the equator, the electrons may experience only a fraction of the waves, which may
cause the scattering in pitch angle and energy due to the perpendicular electric
fields. This transit time effect provides additional scattering to the pure Landau

resonance.

The characters of magnetosonic waves are unique and interesting, and may
need focused study even with good understanding of other whistler-mode waves
in the inner magnetosphere. In the following Chapters, the above properties
will be addressed in great detail, constituting a comprehensive study about the

equatorial magnetosonic waves.
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Figure 2.1: Example of data collected by Cluster 4 on 17 February 2002. From the
top: (a) sum of the power-spectral densities of the three magnetic components, (b)
sum of the power-spectral densities of the two electric components ; (c) ellipticity
and (d) planarity are determined using the singular value decomposition of the
magnetic spectral matrix. Universal time (UT) and position of the spacecraft are
given on the bottom of the figure using the radial distance (R) in the Earth radii
(RE), magnetic dipole latitude (MLat) in degrees, and magnetic local time (MLT)
in hours. Maximum possible value of the local lower hybrid frequency (frpg) is
plotted over all four panels. The data in panels (¢) and (d) are not shown for

weak signals below 107°nT? Hz. [Santolik et al., 2004]
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Figure 2.2: Magnetic power spectra as a function of wave frequency observed by
Cluster 1, 2, and 3 between 16:40 and 16:50 UT on 4 December 2000. Vertical
scale is drawn for Cluster 1 (black solid line), spectrum from Cluster 2 (red line)
is shifted upward by half an order of magnitude, and the spectrum of Cluster 3
(green line) is shifted by an order of magnitude. [Santolik et al., 2002]

36



10°

108

107+

10°F

10° . .

0 20 40 60
f/fep
10* ‘
—— Refractive
Index n

g
RS
2 10°} ]
2
&
(9]
I~

10? . .

0 20 40 60
f/fcp

Figure 2.3: Stix parameters P, R, L, S, and D, refractive index n, and absolute
values of wave electric (F) and magnetic (B) field components for typical magne-

tosonic waves at L = 4.5 inside the plasmapause. The wave normal angle is 89.5°.

4 4 — — ,
6x10 6x10 Stix D
4x10*} 4x10'f \ StixS —— |
2x10*} 2x10*} \ . 1
0f B 0 .
2x10*E - 1 -2x10
4 / 4
Ax10°L / {1 -4x10*
-6x10* ‘ ‘ -6x10*
0 20 40 60
f/fep f/fep
10° 10
|Bz| 10'+ ]
2
10°— — E R |EX| /
o E 10° _— l
& = —
< w0 B
M e 10" : 4
100 1 .
|Bx] 10°F |Ez| ’
10" ‘ ‘ 107 ‘
0 20 40 60 0 20
f/fep f/fcp

Sheeley’s density model is used.
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Figure 2.4: Stix parameters P, R, L, S, and D, refractive index n, and absolute

values of wave electric (E) and magnetic (B) field components for typical mag-

netosonic waves at L = 4.5 outside the plasmapause. The wave normal angle is

89.5°. Sheeley’s density model is used.
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Figure 2.5: Resonant ellipse for magnetosonic waves interacting with electrons,
showing (dashed) Landau n = 0 and (solid) n = 1 Doppler shifted cyclotron
resonances, (dotted) circles of constant electron energy, and (dash-dotted) loss
cone. The central dashed line is for Landau resonance at X,, = tan 89°, the lines
either side are for propagation with a range of wave normal angles X,, + X,, where

X, is the width. [Horne et al., 2007]
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CHAPTER 3

Global distribution of equatorial magnetosonic

waves observed by THEMIS

This Chapter addresses the observation of equatorial magnetosonic waves in the
inner magnetosphere. A statistical study of equatorial magnetosonic wave prop-
erties and spatial distributions is performed. Specifically, we investigate the wave
magnetic power spectrum data from three THEMIS spacecraft over the period
from May 2010 to November 2012. The THEMIS spacecraft have equatorial or-
bits and provide good data coverage for magnetosonic wave observations near
the equator and between 2 Rp and 8 Rg. Our global survey result provides
essential information of the wave distributions. We have found that strong ampli-
tudes and high occurrence of magnetosonic waves are generally observed near the
equator, outside the plasmapause, on the dawnside, around L = 4, and during ge-
omagnetically disturbed periods. The increase of geomagnetic activity shifts the
magnetosonic wave distribution towards earlier magnetic local time. The strong
magnetosonic waves generally have Root-Mean-Square averaged wave amplitude
of ~ 50 pT and an occurrence rate of ~20%, which are mainly located on the
dawnside outside the plasmapause. Our survey of the wave distribution suggests
that magnetosonic waves may have an important influence on pitch angle scat-
tering of ring current ions and Landau acceleration of energetic electrons in the

Earth’s radiation belts.

This chapter is organized as the following sections: Section 3.1 is a brief intro-

duction about the magnetosonic waves, and we will mainly focus on the previous
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observations of magnetosonic waves prior to the THEMIS mission; Section 3.2 dis-
cusses the analysis of magnetosonic waves using THEMIS fff dataset, and specif-
ically presents one example of magnetosonic wave event observed by THEMIS;
Section 3.3 presents the global distribution of Root-Mean-Square averaged mag-
netosonic wave amplitudes based on the 31 months THEMIS dataset; using the
same dataset, Section 3.4 presents the global distribution of magnetosonic wave
occurrence rate; to discuss the wave amplitude at different frequency bands, Sec-
tion 3.5 presents the global distribution of wave amplitudes divided into lower and
upper wave frequency bands; Section 3.6 summarizes the results and provides the

necessary wave information for radiation belt modeling.

3.1 Introduction

Equatorial magnetosonic waves are natural electromagnetic emissions occasion-
ally observed in a spatially localized region near the Earth’s magnetic equator
[Santolik et al., 2004]. The waves are highly oblique, and propagate radially and
azimuthally, in the direction nearly perpendicular to the background magnetic
field around the magnetic equator [Kasahara et al., 1994; Chen and Thorne, 2012;
Nemec et al., 2005, 2006].

The waves are excited by the drifting ion ring populations from the plasma
sheet at frequencies between the proton gyrofrequency (fp) and the lower hybrid
resonance frequency (frugr). After energetic ions are injected from the night-
side, they perform energy dependent drift motion around the Earth [Lyons and
Williams, 1984]. As a result, the positive gradients in the perpendicular velocity
distribution of protons develop mainly on the dayside. These gradients can pro-
vide the free energy to excite magnetosonic waves [Chen et al., 2010; Thomsen

et al., 2011] and will be discussed in detail in Chapter 4.

The excited magnetosonic waves are able to resonant interact with energetic
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electrons. The scattering is mainly due to Landau resonance, and magnetosonic
waves with an amplitude of ~ 200 pT may cause local acceleration of several
hundreds keV electrons in one day [Horne et al., 2007]. In addition, magnetosonic
waves are spatially confined close to the magnetic equator, therefore the waves
can also cause transit time scattering over a broad region of electron velocity
space [Bortnik and Thorne, 2010]. Magnetosonic waves also cause the pitch an-
gle scattering of plasma sheet protons, and lead to proton precipitation in the
Earth’s upper atmosphere [Xiao et al., 2014]. In order to understand the poten-
tial important role of magnetosonic waves in the Earth’s radiation belt dynamics,
comprehensive global models for the spatial distribution, the occurrence of strong
wave amplitudes, and the frequency spectral properties of magnetosonic waves

needs to be developed, for use in future global modeling.

Previous satellites have provided magnetosonic wave observations between 2
Rg and 7 Rg. It has been confirmed that magnetosonic wave events are mainly
confined within 5 degrees in magnetic latitude near the magnetic equator. The
OGO 3 spacecraft first observed equatorial noise in the Earth’s magnetosphere in
the 1960s [Russell et al., 1970]. Using the wide band wave form measurements by
the Imp 6 and Hawkeye 1 satellites, Gurnett [1976] have shown that the equatorial
noise consists of a complex superposition of many harmonically spaced lines. The
spacing of the harmonic structures are modulated by the proton gyrofrequencies,
and Gurnett [1976] suggested hat the waves are interacting with energetic protons,
alpha particles, and other heavy ions trapped near the magnetic equator. Using
the particle and wave data from GOES, Perraut et al. [1982] provided the simul-
taneous observation of the proton phase space density and the magnetosonic wave
event, directly suggesting the close relation between them. The observed magne-
tosonic wave power spectra may also contain propagation information. Cluster
spacecraft [Santolik et al., 2002] provided evidence that the locally generated wave

spectra match the harmonics of the local proton gyrofrequency, even though the
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waves can propagate with a significant radial component.

Using the electric field data from the Combined Release and Radiation Ef-
fects Satellite (CRRES), Meredith et al. [2008] performed a more recent survey
of magnetosonic waves global distribution. The wave electric field data in the
frequency band of 0.5fiur < f < fLur and the particle data which are poten-
tially unstable to excite magnetosonic waves were investigated. Figure 3.1 and
3.2 present the CRRES observation of magnetosonic wave electric field intensities
outside and inside the plasmapause, respectively. The waves are mostly observed
in the duskside, near the magnetic equator, between 3Rg and 5Rg, and during ge-
omagnetically disturbed conditions. The waves outside the plasmapause (Figure
3.1) are also stronger than the waves in the plasmasphere (Figure 3.2). However,
the CRRES data coverage was very limited on the dayside close to the equator,
where magnetosonic waves are expected to frequently occur [Chen et al., 2010].
Magnetosonic waves may also have significant wave power at frequencies below
0.5 fLur, which are ignored in the CRRES data survey but are important in high
energy electron accelerations. In addition, it would be useful to survey the wave
magnetic field amplitudes, which are direct inputs for wave-particle interaction
studies in the radiation belt models. The survey by Meredith et al. [2008] still
provided important information on the global distribution of magnetosonic waves

and quantitative evaluation of their intensities.

The Time History of Events and Macroscale Interaction during Substroms
(THEMIS) spacecraft is a constellation of five NASA satellites (THEMIS A through
THEMIS E) which have been launched on February 2007 for the substorm study
in the Earth’s magnetosphere. The THEMIS spacecraft have also provided reli-
able and extensive statistical studies of whistler-mode waves in the inner magneto-
sphere [e.g., Li et al., 2009, 2011]. THEMIS spacecraft have low orbital inclination
angles [Angelopoulos, 2008], and are equipped with high time and frequency reso-

lution wave measurement instruments, as well as high time and energy resolution
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proton and electron measurement instruments. After several years of operation,
THEMIS spacecraft are expected to provide good wave data coverage for differ-
ent magnetic local times at low latitudes in the inner magnetosphere. Therefore,
good statistical information on the magnetosonic wave distribution and other wave
properties can be obtained from the direct measurements by the THEMIS space-
craft. Using THEMIS wave magnetic fields and electric fields data as well as
the background plasma information over a 31 month period, we will investigate
the wave magnetic field intensity and occurrence rate of magnetosonic waves, and
categorize our dataset as functions of magnetic latitude (LAT), geomagnetic activ-
ity, inside or outside the plasmapause, different wave frequency bands, and wave
magnetic field amplitudes. Therefore, our study provides important information
regarding the regions and conditions in which the magnetosonic waves are intense
and may become most effective in scattering the particles in the Earth’s radiation

belts.

3.2 The THEMIS database and an observed magnetosonic

event

The three THEMIS inner spacecraft (A, D, and E) have highly elliptical, near
equatorial orbits with the perigee of ~1.5 Rg and apogee of ~10 Rg to ~12 Rg
[Angelopoulos, 2008]. The orbits and satellites configurations are ideally suited to
study the characteristics of various plasma waves and particle populations in the
Earth’s magnetosphere, including equatorial magnetosonic waves and the simul-

taneous ion ring distributions.

The THEMIS spacecraft are equipped with fine resolution wave electric and
magnetic fields instruments. Electric field variations from below the spin fre-
quency (~ % Hz) up to ~ 4 kHz are measured by the Electric Field Instrument
(EFI) [Bonnell et al., 2008]. Magnetic field variations in the same frequency
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band are measured by the Search Coil Magnetometer (SCM) [Rouz et al., 2008].
After obtaining the field variation measurements in both parallel and perpen-
dicular directions with respect to the background magnetic field By, the Digital
Fields Board (DFB) performs data acquisition and signal process thereafter [Cully
et al., 2008], and produce the wave frequency spectrum information in different
components. The background magnetic field is measured by the Flux Gate Mag-
netometer (FGM) [Auster et al., 2008]. The FGM instrument also measures the

low frequency fluctuations up to 64 Hz in the magnetosphere.

The THEMIS spacecraft also measure the particle fluxes in sufficient energy
band coverage for the studies in the magnetosphere and fine resolution between
adjacent energy channels. The Electrostatic Analyzer (ESA) measures ion distri-
butions from 5 eV up to 25 keV and electron distributions from 6 eV up to 30 keV
[McFadden et al., 2008]. The full, reduced, and burst mode data contains differ-
ent resolutions in pitch angles and time. The particle momentum data including
plasma velocity, pressure, and temperature are also provided. The super-thermal
particle distributions within the energy range from 25 keV to 6 MeV are measured
by the Solid State Telescope (SST) in different pitch angle directions and different

energy channels.

In this study, we have used the spacecraft potential to calculate the total
electron density, similar to the methods in Li et al. [2010]. The spacecraft potential
information is obtained from the EFI instrument; the electron thermal speed
information is obtained from the ESA instrument. After inferring the total plasma
density, we identify whether the spacecraft is inside the plasmapause or outside the
plasmapause using the method described in Li et al. [2010]. Generally speaking,
the spacecraft is identified as inside the plasmapause if the total plasma density

stays higher than 30 em=3; otherwise, the spacecraft is outside the plasmapause.

High resolution wave power spectrum data (fff data product) have been con-

tinuously available since 1 May 2010. We have used the fff data from May 2010
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to November 2012 to perform a statistical study of magnetosonic waves. The ftf
data are generally available for about half of the periods each day. The wave
electric and magnetic field power spectra data are recorded in 64 or 32 logarith-
mically spaced frequency bins in the range from ~4 Hz to 4 kHz. Wave power
spectral densities with one component parallel to the spacecraft spin axis and one
component in the spacecraft spin plane are recorded every 8 seconds [Cully et al.,
2008]. One parallel wave magnetic field and one perpendicular wave magnetic
field components are continuously available; one parallel wave electric field and
one perpendicular wave electric field components are available before March 2011;
two perpendicular wave electric field components are available after March 2011.
Although the spin axis of the spacecraft is not exactly along the background mag-
netic field direction, the angle between them is generally small and are mostly
below 11°. We can roughly assume the wave field component along the spin axis
to be parallel to the background magnetic field and refer it as the parallel compo-
nent. Therefore, we define the wave field component parallel (perpendicular) to

the spacecraft spin axis to be Bjj or Ej (B, or E|) hereafter.

Figure 3.3 shows one typical magnetosonic wave event in association with ion
ring distributions observed by THEMIS A from 01:00 UT to 02:30 UT on 15
February 2011. The seven panels show: (a) the total plasma density (inferred
from the spacecraft potential); (b) energy spectrum of ion energy flux for a pitch
angel of ~ 90°; (c) energy spectrum of ion phase space density for a pitch angle
of ~ 90° (d) power spectral density of E.; (e) Ey; (f) By; (8) BL. fumr and
0.5fuur are denoted as the dash-dotted line and dotted line respectively. The
red arrows in panel (c¢) indicate several examples of the positive gradients in ion
PSD distribution. The spacecraft travels from outside the plasmapause to inside
the plasmapause. Figure 3.3a shows that the total plasma density is ~ 10cm ™3
outside the plasmapause, and increases to ~ 5000cm =2 inside the plasmapause.

The plasmapause boundary is identified around 01:45 UT with a sharp increase
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in density.

Magnetosonic waves are highly oblique plasma emissions, and are character-
ized with much stronger £, and B intensities compared with E| and B, i.e.
E, > Ej and By > B, . In this event, magnetosonic waves are observed outside
the plasmapause before ~ 01:50 UT and inside after ~ 01:50 UT. The waves are
located within ~ 2.3° of the magnetic equator and magnetic local time cover-
age from dawnside to noon. Outside the plasmapause, the magnetosonic wave
frequencies vary from 30 Hz to 200 Hz due to the changes in the proton gyrofre-
quency. Two distinct frequency bands of magnetosonic waves are observed with
the frequencies following the variation of fiyr (the white dash-dotted line) or
0.5fLur (the white dotted line). The major magnetic wave power is in the lower
frequency band, and the dominant wave power in both frequency bands mainly

occurs below 0.5 fppr as shown in Figure 3.3d and 3.3f.

Figure 3.3b presents the ion flux distribution with a pitch angle of ~ 90°. There
are clearly ion ring injections at energies above 10 keV outside the plasmapause.
We calculate the ion phase space density distributions for a pitch angle of ~ 90°
in Figure 3.3c based on the ion flux data. The positive gradients of the ion
PSD as a function of energy are observed simultaneously with the observations
of magnetosonic waves for ions with energy higher than ~10 keV. This indicates
that the waves outside the plasmapause are probably locally excited consistent

with previous studies.

Inside the plasmapause, magnetosonic waves are also characterized by the
properties that £, (Figure 3.3d) is much stronger than £ (Figure 3.3e) and B
(Figure 3.3f) is much stronger than B, (Figure 3.3g). Magnetosonic waves are
observed between 40 Hz and 200 Hz with nearly unstructured frequency spectra.
However, the ion phase space density data provide no evidence of local positive
ion phase space density gradients, which suggests that the magnetosonic waves

inside the plasmapause are not locally generated and have probably propagated

47



to this location from a distant source. This is a common feature of magnetosonic
waves inside the plasmapause. THEMIS A has also observed the plasmaspheric
hiss emissions inside the plasmapause in the frequency range from 300 to 600
Hz. The hiss wave frequencies are not modulated by the proton gyrofrequency
trends. In addition, the hiss waves propagate mainly in the parallel direction to
the background magnetic field. In this event, B, is comparable to B for the hiss
emissions, which indicates that the emissions in the frequency range from 300 to
600 Hz are not as oblique as magnetosonic waves. This feature allows us to set
up the magnetosonic wave automatic selection criteria based on the relative ratio

between different directions of wave fields in the following Section 3.3.

3.3 Magnetosonic wave amplitude distribution observed

by THEMIS

We use wave electric and magnetic field fff product data in the frequency band of
30 Hz < f < 1000 Hz observed by THEMIS probes A, D, and E for our statistical
study of magnetosonic waves. The magnetosonic waves generally occur between
the local proton gyrofrequency and the lower hybrid resonance frequency in the
inner magnetosphere. Therefore, the frequency band of 30 Hz < f < 1000 Hz
should cover the essential part of the magnetosonic wave power especially at low
L shells. The analysis of magnetosonic waves needs further caution, however,
since there are other emissions that share a similar frequency band and location.
As shown in Figure 3.3, plasmaspheric hiss waves are also frequently observed in
the frequency band of 30 Hz < f < 1000 Hz near the dayside, which need to be

distinguished from the magnetosonic wave emissions.

We utilize the property of highly oblique magnetosonic wave propagation and
use the following criteria for selecting magentosonic waves from other emissions,

which can be verified in cold plasma theory [e,g., Stiz, 1992]. 1. E, /E) is greater
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than 3 outside the plasmapause and greater than 4 inside the plasmapause; 2.
By /B, is greater than 1.5 outside the plasmapause and greater than 2 inside the
plasmapause. Note that we set the ratio inside plasmapause higher in order to
remove plasmaspheric hiss waves. Furthermore, since the frequency of magne-
tosonic waves ranges between f., and fiur, the region in which the majority of
magnetosonic wave power can be measured is also limited due to the frequency
range of 30 — 1000 Hz from ftf data. We have calculated the wave amplitudes by
integrating the magnetosonic wave power as a function of frequency based on the

selection criteria.

We have performed data cleaning procedures for the fff data product. The
spikes in electric field power spectrum data are not realistic and are automati-
cally removed based on the fact that they present sudden increase in electric field
measurements; we have also removed the background magnetic noise signals at
frequencies below 40 Hz by subtractions. Figure 3.3 is presenting the wave power

spectra after the cleaning procedures.

In our 31 months survey, a valid observation point is defined as the time point
in the wave electric and magnetic power spectrum data satisfying the following
conditions to observe magnetosonic waves: 1. the valid fff data product in both
electric and magnetic fields are available at the time point; 2. the local proton
gyrofrequency is lower than 1000 Hz; 3. the lower hybrid resonance frequency is
higher than 30 Hz; 4. the spacecraft should be located between 2 Rg and 8 Rg.
We require that a reliable statistics should contain measurements of more than 100
time points. Base on the data coverage of the magnetosonic wave measurements,
the THEMIS ftf wave data are binned into grids of 0.5 Rg x 2 MLT in the region
2 < L < 8. Therefore, there are 16 data bins in L shell and 12 data bins in
local times. The data coverages are presented as the small globes in Figures 3.4,
3.5, and 3.6, which clearly show that the data coverages are excellent near the

magnetic equator at latitudes less than 5° under different geomagnetic conditions.
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Although there is a data gap in the afternoon sectors at higher latitudes, it will not
affect our survey of magnetosonic waves because the waves are mainly confined

near the magnetic equator and the occurrence at higher latitudes are lower.

Figure 3.4 shows the global distributions of the root mean square (RMS) mag-
netic field amplitude (B,,) of magnetosonic waves. We have categorized our results
by AE* and LAT to compare the wave distributions at different geomagnetic con-
ditions and different latitude ranges. Here AE* is the maximum geomagnetic AE
index in the previous 3 hours. The wave distributions are also shown both inside
(top panels) and outside (bottom panels) the plasmapause. We only integrated
the spectral densities above 30 Hz to calculate the magnetosonic wave amplitude,
since the fff data product provide reliable wave spectral density above ~ 30 Hz.
This ensures that the essential magnetosonic wave power is counted at L <~ 6,
but the wave amplitudes at higher L shells are restricted to the higher normalized
wave frequencies in general above ~ 0.4 fiur (about 17f.,). The wave amplitudes
are plotted as a function of L shell and magnetic local time between 2 Rg and 8

Rp with the Earth at the center. The dayside is in the upward direction.

Strongest magentosonic waves are found on the dawnside, between 3 - 5 Rp,
at |LAT| < 5°, in the region outside the plasmapause, for geomagnetically dis-
turbed conditions (AE* > 300 nT), as shown in Figure 3.3i. The magnetosonic
wave amplitudes both inside and outside the plasmapause are stronger at lower
magnetic latitudes, consistent with previous studies [e.g. Meredith et al., 2008]. Tt
is interesting to note that relatively high latitude (JLAT| > 5°) but weak magne-
tosonic waves are observed at low L shells and under disturbed conditions both
inside and outside the plasmapause. The magnetosonic wave amplitudes inside
the plasmapause are much weaker than those outside the plasmaspause. However,
the magnetosonic waves inside the plasmapause have a more uniform distribu-
tion than the waves outside the plamapause, probably because of the propaga-

tion effects. The magnetosonic wave distribution outside the plasmapause shows
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stronger wave amplitudes for larger AE*, therefore the wave activities are strongly
related to the particle injection events. Interestingly, as AE* increases the wave
distribution outside the plasmapause shifts towards earlier magnetic local time.
The strongest RMS averaged wave amplitude of magnetosonic waves is ~ 50 pT,
and it is predominantly observed in the prenoon sectors outside the plasmapause
near the equator under disturbed conditions, suggesting that magnetosonic waves
may be particularly important in particle scattering in those regions [e.g., Horne

et al., 2007].

3.4 Magnetosonic wave occurrence rate distribution ob-

served by THEMIS

Besides the time averaged wave amplitude distribution of magnetosonic waves, the
percentage of time that the strong magnetosonic waves occur is an other important
issue that controls the roles of the waves in the radiation belt dynamics. Figure 3.5
shows the global distribution of the magnetosonic wave occurrence rate for various
levels of wave amplitude and at different latitude ranges using a similar format
to Figure 3.4. The occurrence rate is defined as the ratio between the number of
time points during which magnetosonic waves are observed and the total number
of time points with valid observations. The occurrence rates of magnetosonic
waves are plotted as a function of L shell and magnetic local time for both inside
the plasmapause (upper panels) and outside the plasmapause (lower panels). The
sample numbers are also plotted as smaller globes on each right bottom foot,

which shows that the data coverage is sufficiently high for reliable statistics.

We are mostly interested in the occurrence rate distributions of strong mag-
netosonic waves with magnetic wave amplitude greater than 50 pT. Although the
small wave amplitude waves have high occurrence rates, the occurrence rates of

strong magnetosonic waves are mostly less than 10%. The occurrence rate of
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strong magnetosonic waves with B,, > 50 pT peaks near 20% outside the plasma-
pause at L ~ 4, near the equator, and in the dawn sector. The magnetic local time
distribution of the strong amplitude waves maybe related to the shifting trends
in MLT with increasing AE*. Consistent with the results in Figure 3.4, the mag-
netosonic waves at all levels of wave amplitudes occur more frequently near the
equator than slightly off equator, and outside the plasmapause than inside the
plasmapause. The waves inside the plasmapause have more uniform distribution
in MLT than outside, although the strong waves rarely occur inside the plasma-
pause during the 31 months period. The majority of magnetosonic wave events
inside the plasmapause investigated in the present study, although not explicitly
shown, tend to have nearly constant frequency spectra, while the waves outside
the plasmapause tend to follow the variations of fiur, as shown in Figure 3.3.
This supports the concept that the magnetosonic waves inside the plasmapause
are likely to have propagated azimuthally and radially from other regions, while
the magnetosonic waves outside the plasmapause are more likely to be excited

locally.

Magnetosonic waves with amplitude higher than 100 pT may acceleration en-
ergetic electrons in several days. We have also investigated the occurrence rate of
magnetosonic waves with By, > 100 pT (not shown), and found that the peak value
is ~ 0.1 and is located in a very limited MLT range in the dawn sector outside
the plasmapause near the equator. They correspond to several large amplitude
magnetosonic wave events close to the plasmapause boundary during disturbed
conditions. When AE* is large, the plasmapause location tends to be pressed to
lower L shells as low as 3 Rg. Meanwhile, there are also strong particle injections
which provide free energy for magnetosonic wave excitation. Therefore, high am-
plitude magnetosonic waves are generated at low L shells outside the plasmapause.

The generation mechanism will be further discussed in Chapter 4.
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3.5 Magnetosonic wave intensities at different frequency

bands

Magnetosonic waves in different frequency bands are excited based on the relation
between the background plasma conditions and the injecting ion ring populations
le.g., Chen et al., 2010, 2011; Jordanova et al., 2012]. In general, lower (higher)
frequency magnetosonic waves may be generated at higher (lower) density region
or lower (higher) background magnetic field region [Ma et al., 2014a]. In addition,
the wave frequency also determines the resonance energy when the magnetosonic
waves resonant interact with the particles. It is therefore necessary to investigate

the magnetosonic wave intensities over different frequency bands.

Following the statistical study by Meredith et al. [2008], we have simply inves-
tigated the amplitude of magnetosonic waves integrated over the lower frequency
band (fo, < f < 0.5fipr) and higher frequency band (0.5fiur < f < fuur)
separately. However, due to the lower cutoff frequency limit of ~ 30 Hz in fff
data product, magnetosonic wave amplitudes are probably underestimated for
the lower frequency band especially at higher L shells. It is worth noting that
both the lower and the higher frequency bands need to be incorporated in radi-
ation belt modeling because the waves in different frequency bands may mainly

affect different particle populations.

Figure 3.6 shows the global distribution of RMS averaged wave amplitudes
for lower and higher frequency bands. The statistics are categorized by AE* in-
dex, both inside (top panels) and outside (bottom panels) the plasmapause. The
latitudinal range of magnetosonic waves is not restricted here because the major
power of the statistics is from the equatorial region. Although the data coverage
of the higher frequency magnetosonic waves (smaller globes at the right bottom
side of each panel) are higher than the data coverage of lower frequency waves,

the lower frequency band magnetosonic waves are much more intense than the
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higher frequency band waves for all geomagnetic conditions both inside and out-
side the plasmapause. The results indicate that the majority of the wave power is
contained in the frequencies lower than 0.5 fpgr, consistent with the magnetosonic
wave event shown in Figure 3.3. On the other band, as AE* increases, the lower
frequency band wave intensity increases significantly both inside and especially
outside the plasmapause, but the higher frequency band wave intensity remains
similar. Those interesting features may provide more detailed clues about the
excitation of magnetosonic waves, and may imply that the magnetosonic waves
excited at lower density regions are weaker than the waves excited at higher den-
sity regions, or it is more common that the positive gradients in ion phase space
density distributions exist in slightly higher density regions even though they are

still outside the plasmapause.

3.6 Conclusions and discussions

The main purpose of this chapter is to discuss the global distribution of magne-
tosonic waves. We have used THEMIS fif data for a statistical study of magne-
tosonic wave properties and global distributions in the Earth’s magnetosphere.
The survey has focused on the magnetosonic wave magnetic field intensity in the

frequency range roughly from 30 Hz to the lower hybrid resonance frequency.

The THEMIS wave database provides excellent coverage in the major region
of magnetosonic waves especially near the magnetic equator. The additional mea-
surements near the dayside improve significantly over the limited range in the
earlier analysis by Meredith et al. [2008] from CRRES wave data. In general, our
THEMIS statistics of magnetosonic wave distribution agrees fairly well with the
statistics by Meredith et al. [2008]. Our statistical results are also consistent with
previous simulation results based on the excitation of magnetosonic waves [Chen

et al., 2010; Jordanova et al., 2012] especially outside the plasmapause where lo-
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cally excited magnetosonic events are mainly observed. Inside the plasmapause,
the wave propagation effects may become more important to account for the uni-
form wave distributions, which will be addressed in Chapter 5. A recent survey
by Shprits et al. [2013] has used the THEMIS Filter Bank (FBK) data that pro-
vide the spectra of magnetic amplitudes in the direction perpendicular to the spin
axis, which is nearly perpendicular to the ambient field By. Their results has
indicated that typical magnetosonic wave amplitudes detected in the FBK data
are relatively small (< 25 pT) and are weaker than our statistical survey results.
The probability of occurrence in their results are also much lower than our results.
However, since magnetosonic waves are highly oblique whistler-mode emissions,
the component of the wave magnetic field parallel to By is the dominant magnetic
field component as demonstrated in Figures 2.3, 2.4, and Figure 3.3. Conse-
quently, the use of FBK data in the recent analysis of Shprits et al. [2013] greatly
underestimates the true amplitude of magnetosonic waves. Our present analysis
shows that magnetosonic waves have RMS amplitudes comparable to 50 pT in the
pre-noon sector during active conditions, with peak amplitudes over 100 pT. Such
waves may have an important impact on electron dynamics [e.g., Horne et al.,

2007] and need to be considered in global radiation belt modeling.

Our main conclusions in this chapter are summarized as follows: 1. strongest
magnetosonic waves with wave magnetic field amplitude of ~ 50 pT and wave
occurrence rate of ~ 20% occur near the magnetic equator, in the dawn sector,
outside the plasmapause, under disturbed conditions; 2. the magnetosonic waves
outside the plasmasphere are stronger than the waves inside the plasmapause,
and the magnetosonic waves are distributed more uniformly in local times inside
the plasmapause than outside; 3. the magnetosonic wave amplitudes are stronger
near the equator than those at higher latitudes; 4. the increase in AE* has more
influence for the waves outside the plasmapause than inside, and the location of

strongest magnetosonic waves shifts to earlier magnetic local times particularly
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in the region outside the plamasphere; 5. the wave amplitudes in the lower half
frequency band (fo, < f < 0.5frur) are larger than those in the higher half
frequency band (0.5finr < f < fuur) at different geomagnetic conditions both
inside and outside the plasmapause. We note that due to the limited reliable
frequency range (>~ 30 Hz) of fff data, magnetosonic wave amplitudes shown at
larger radial distances beyond ~ 6Rg in the present study are probably under-
estimated, especially in the frequency band below 0.5 figr. These waves can be
analyzed further using burst captures (waveforms at 128 samples/s) on THEMIS
if needed in the future, but the general conclusions should be consistent with our

current study in this chapter.

We have also found that the observed magnetosonic wave frequency follows
the fLgr variation trends outside the plasmapause, whereas it tends to be con-
stant inside the plasmapause. This suggests that magnetosonic waves observed
outside the plasmapause are likely to be generated locally [e.g., Chen et al., 2010,
2011; Xiao et al., 2013; Ma et al., 2014a], whereas magnetosonic waves inside
the plasmapause are likely to have propagated from other regions [e.g., Chen and
Thorne, 2012; Xiao et al., 2012; Ma et al., 2014b]. However, a more definitive
study regarding this feature is left for a more extensive statistical analysis and
ray tracing simulation in the future. Furthermore, since both previous simulations
and event studies suggested that magnetosonic waves are probably generated by a
proton ring distribution in the Earth’s magnetosphere, a more extensive statistical
study about the occurrence of magnetosonic waves and the ion ring distributions

is needed to further investigate the generation mechanism of magnetosonic waves.

With the understanding of the equatorial magnetosonic wave distributions
in the inner magnetosphere, we will discuss the formation factors of the wave
distribution characters in the following chapters. In Chapter 4, we will focus
on the wave generation mechanisms. It will be directly demonstrated that the

magnetosonic waves outside the plasmapause tends to be locally excited; inside
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the plasmapause, the waves are excited in the outer region and subsequently

propagate in the plasmasphere. These results will confirm our hypotheses above.
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Figure 3.1: Average wave electric field intensities of (top) equatorial and (bottom)
off-equatorial emissions in the frequency range 0.5f,gr < f < frLur observed by
CRRES outside the plasmasphere as a function of L and magnetic local time.
From left to right the results are presented for quiet (AEx < 100 nT), moderate

(100 < AE* < 300 nT), and active (AE* > 300 nT) conditions. [Meredith et al.,
2008]
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Figure 3.2: Average wave electric field intensities of (top) equatorial and (bot-
tom) off-equatorial emissions in the frequency range 0.5frpr < f < frLur ob-
served by CRRES in the plasmasphere as a function of L and magnetic local
time. From left to right the results are presented for quiet (AFE* < 100 nT), mod-

erate (100 < AEx < 300 nT), and active (AEx > 300 nT) conditions. [Meredith
et al., 2008]
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Figure 3.3: Magnetosonic waves observed by THEMIS A on 15 February 2011.
The seven panels show: (a) the total plasma density; (b) energy spectrum of ion
energy flux at a pitch angle of 90°; (¢) the calculated energy spectrum of ion PSD;
(d) power spectral density of E; (e) Ey; (f) By; (g) B..
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Figure 3.4: The global distribution of RMS wave amplitude By, for 2 < L < 8.
The wave intensity is categorized by magnetic latitude and AE*, and shown for
locations inside (top panels) and outside (bottom panels) the plasmapause. The
sample number (Vy) is shown as smaller plots at the right bottom corner for each

panel. White area represents the region where N is less than 100.
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Figure 3.5: The global distribution of magnetosonic wave occurrence rate for
2 < L < 8. The wave occurrence rate is categorized by magnetic latitude and
wave amplitude range, and shown for locations inside (top panels) and outside
(bottom panels) the plasmapause. The sample number is shown as smaller plots
at the right bottom corner for each panel. White area represents the region where

Ny is less than 100.
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Figure 3.6: The global distribution of RMS wave amplitude B, for higher and
lower frequency band waves. The wave intensity is categorized by the frequency
bands and AE*, and is shown inside (top panels) and outside (bottom panels) the
plasmapause. The sample number is shown at the right bottom corner for each

panel. White area represents the region where N is less than 100.
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CHAPTER 4

Magnetosonic wave excitation by ion ring

distributions in the inner magnetosphere

The physical understanding about the occurrence of equatorial magnetosonic
waves is an important issue in addition to the in-situ observations. The global
distribution of magnetosonic waves is presented in Chapter 3. One of the im-
portant factors that determine the wave amplitude and occurrence distribution is
the energy source of the waves, i.e., the wave excitation mechanism. This chapter
mainly addresses the magnetosonic wave excitation by the simultaneous evidences

of ion ring distributions both inside and outside the plasmapause.

To analysis the relation between the equatorial magnetosonic waves and the
potentially unstable ion ring distributions, we combine THEMIS wave and parti-
cle observations and a quantitative calculation of linear wave growth rate based
on the measured proton distributions and background plasma conditions. We
demonstrate that magnetosonic waves can be locally excited by ion ring distri-
butions in the Earth’s magnetosphere when the ion ring energy is comparable
to the local Alfven energy. Magnetosonic waves in association with ion ring dis-
tributions were observed by THEMIS A on 24 November 2010 in the afternoon
sector. Similar with other typical magnetosonic wave events, the waves were ob-
served both outside the plasmapause where the wave spectrum varied with the
trend of lower hybrid resonance frequency, and inside the plasmapause where the
wave frequency band remained nearly constant. We perform plasma instability

analysis in three different and representative regions. Our analysis shows that
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higher and narrower frequency band magnetosonic waves are excited locally out-
side the plasmapause, and lower and broader frequency band magnetosonic waves
are excited in the region where the density slightly increases. However, there is
no evidence for wave excitation well inside the plasmapause. Our study implies
that the wave propagation from a distant source is needed to explain the existence
of the magnetosonic waves deep inside the plasmasphere. The simulation of the
magnetosonic wave growth rate spectra during this event agrees reasonably well
with the observed wave magnetic field power spectra. We also simulate another
typical magnetosonic wave event on 19 October 2011 in the dusk sector. Broad
band magnetosonic waves are observed in association with the ion ring distribu-
tions outside the plasmapause. We find that the ion ring distribution with an
ion ring energy slightly higher than the local Alfven energy can excite the typical
broad band magnetosonic waves outside the plasmapause. This chapter provides
explanation for the existence of locally excited magnetosonic waves under typical

plasma conditions in the Earth’s inner magnetosphere.

This chapter is organized as the following: Section 4.1 is a brief introduction
about the local excitation of magnetosonic waves, with a focus on the previous
theoretical and observational studies about the relation between equatorial mag-
netosonic waves and ion ring distributions in the inner magnetosphere; Using the
THEMIS spacecraft real-time observations and the magnetosonic wave instability
analysis, Section 4.2 - 4.7 discuss the magnetosonic wave instability analysis under
different conditions and the sensibility of our results; Section 4.8 summarizes the
results and provides the scenario about the source of the magnetosonic waves in

the Earth’s inner magnetosphere.
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4.1 Introduction

Fast magnetosonic waves are natural electromagnetic emissions excited at fre-
quencies between the proton gyrofrequency (f.,) and the lower hybrid frequency
(frur) near the Earth’s magnetic equator [Santolik et al., 2004]. In recent years,
fast magnetosonic waves have acquired significant research interest because of their
potential importance for particle scattering in the Earth’s radiation belts [Horne
et al., 2007; Bortnik and Thorne, 2010]. Magnetosonic waves were first detected in
the Earth’s magnetosphere by the OGO 3 spacecraft and described as “equatorial
noise” in the late 1960s [Russell et al., 1970; Gurnett, 1976]. The Geostationary
Operational Environment Satellite (GOES) [Perraut et al., 1982] and the Cluster
spacecraft [Santolik et al., 2002] provided evidences that these waves could be
locally generated at harmonics of the proton gyrofrequency, and that they are
confined to the magnetic equatorial plane when they propagate from the source.
Meredith et al. [2008] used the Combined Release and Radiation Effects Satellite
(CRRES) data to obtain a statistical model for the magnetosonic wave electric
field intensity distribution and its relationship with ion ring distributions (Figure
3.1 and 3.2). More recently, the statistical study of magnetosonic waves by Ma
et al. [2013] using the Time History of Events and Macroscale Interaction during
Substorms (THEMIS) high resolution spectral data provided the global distribu-
tion of equatorial magnetosonic waves in the Earth’s inner magnetosphere, and
showed that the most intense magnetosonic waves exist on the dawnside to day-
side sectors outside the plasmapause. During disturbed conditions, the strongest
magnetosonic waves near the magnetic equator have a root mean square averaged
wave amplitudes of ~ 50 pT (Figure3.4). Averaged over all different conditions,
the occurrence rates of strong magnetosonic waves with amplitude greater than

50 pT is about 20% near the magnetic equator (Figure3.5).

It is generally accepted that the equatorial magnetosonic waves are excited by
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the thermal ion distributions in the magnetosphere. After the particles are injected
from the nightside plasma sheet to the inner magnetosphere, they perform energy
and charge dependent drift around the Earth. The ring current forms due to the
difference in the ion and electron behaviors. Moreover, the lower energy ions drift
eastward due to the dominant co-rotational and convectional electric field drift
effects, while the higher energy ions drift westward due to the dominant magnetic
field’s gradient and curvature drift effects. As a consequence, the ion ring current
in the Earth’s inner magnetosphere naturally forms positive phase space density
(PSD) gradients in the perpendicular velocity distribution [Thomsen et al., 2011].
The positive slopes in PSD distribution are unstable and can cause magnetosonic
wave instability when the ion ring energy (Eg) is comparable to the local Alfven
energy (E4) [Horne et al., 2000; Jordanova et al., 2012], where Ep is the proton
energy corresponding to the ion ring velocity with a peak in PSD distribution,
and F 4 is the energy corresponding to the local Alfven velocity which is related

to the total plasma density and the background magnetic field strength.

In addition to the theoretical proof about the relation between the magne-
tosonic waves and the ion ring distributions, the satellite wave and particle mea-
surements have also provided the evidence for their correlations [e.g., Perraut
et al., 1982]. Intense magnetosonic waves outside the plasmapause are typi-
cally observed simultaneously with positive gradients in the ion PSD distribution
[Meredith et al., 2008; Ma et al., 2013]. Chen et al. [2010] have coupled the Rice
Convection Model (RCM) and the Ring Current-Atmospheric Interactions Model
(RAM) to model the ion ring distributions in the Earth’s magnetosphere. Using
the modeled particle distributions, they have further simulated the global distri-
bution of magnetosonic waves, and found the growth rate dependencies on the
wave frequency and the total plasma density. Utilizing the proton ring distribu-
tions observed by the Los Alamos National Laboratory (LANL) satellites, Chen

et al. [2011] have calculated the magnetosonic wave growth rates, and suggested
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that the proton ring distributions during the 2001 April storm could excite broad

band magnetosonic waves over a broad range of magnetic local time (MLT).

To study the generation of magnetosonic wave in the typical Earth’s space
environment, in the following Section 4.2 - 4.7, we calculate the magnetosonic
wave growth rate under several representative plasma conditions. We combine
the THEMIS particle and wave observations, and demonstrate that the observed
ion ring distribution can excite magnetosonic waves when Ep is comparable with
FE4, in reasonably good agreement with the observed wave frequency spectra. In
Section 4.2, we identify a typical magnetosonic wave event and the associated ion
ring distribution as observed by THEMIS. In Section 4.3, we present a detailed
analysis of the magnetosonic wave instability under different plasma conditions.
In Section 4.4, we study the sensitivity of magnetosonic wave growth rate on the
assumed wave normal angle. The wave growth rates also depend on the total
plasma density, and this dependence is studied in Section 4.5. In Section 4.6,
we perform the wave instability analysis for the entire magnetosonic wave event
observed by THEMIS using the observed in situ proton distributions. Since broad
band magnetosonic waves are also occasionally observed outside the plasmapause,
we analysis another magnetosonic wave event using the similar method in Section
4.7. Our analysis covers various conditions for the generation of magnetosonic

waves in the Earth’s magnetosphere.

4.2 THEMIS observations of the magnetosonic wave event

and ion ring distributions

Magnetosonic waves are reported to frequently occur near the equator over a broad
MLT region in the Earth’s inner magnetosphere [Santolik et al., 2004; Meredith
et al., 2008; Ma et al., 2013]. The typical magnetosonic wave events are observed

by the satellites in the magnetosphere when they cross the equatorial plane [San-
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tolik et al., 2002; Horne et al., 2007]. The three THEMIS inner spacecraft (A, D,
and E) have nearly equatorial orbits in the Earths magnetosphere [Angelopoulos,
2008], and occasionally provide more than 1 h continuous observation of magne-
tosonic wave events when they pass through the region near the magnetic equator.
Relatively narrow and high frequency band magnetosonic wave events are typi-
cally observed outside the plasmapause, and the wave frequency spectra varies
according to the changing proton gyrofrequency along the trajectory of the space-
craft. Simultaneously, the ion ring distributions in the energy range from several
keV to tens of keV are also observed in good correlation with the wave measure-
ments. Magnetosonic waves are highly oblique electromagnetic emissions, with
a large ratio between the parallel and perpendicular wave magnetic field compo-
nents B,/B,1 < 1 and a large ratio between the perpendicular and parallel
wave electric field components E,,| /F, < 1. The waves are capable of propa-
gating both radially and azimuthally in the magnetosphere [Kasahara et al., 1994;
Santolik et al., 2002; Chen and Thorne, 2012].

Figure 4.1 shows a typical magnetosonic wave event in the afternoon sector
observed by THEMIS A during 03:00 - 04:00 UT on 24 November 2010. The
different panels are presenting (from top to bottom): (a) the total plasma density:;
(b) ion differential energy flux as a function of energy for a pitch angle of ~ 90°;
(c) ion PSD as a function of energy for a pitch angle of ~ 90°; (d) power spectral
density of the wave perpendicular electric field E,,, ; (e) wave parallel electric field
E,|; (f) wave parallel magnetic field B, ; and (g) wave perpendicular magnetic
field B, . The frequencies of f;yr and 0.5y r are denoted as white dash-dotted
and dotted lines in Figure 4.1d - 1g.

The profile of the total plasma density N (Figure 4.1a) is inferred from the
Electric Field Instrument (EFI) measurement of spacecraft potential together with
the electron thermal speed measured from the Electrostatic Analyzer (ESA) in-

strument [Li et al., 2010]. The density profile indicates that the spacecraft was
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traveling towards the Earth and crossed the plasmapause between ~ 03:30-03:40
UT. The background magnetic field By is measured by the Flux Gate Magne-
tometer (FGM) [Auster et al., 2008]. The ESA instrument also measures the ion
differential energy flux from several eV to 25 keV at different pitch angles [McFad-
den et al., 2008]. The ion PSD distribution (Figure 4.1¢) is calculated from the ion
differential energy flux spectra for a pitch angle of ~ 90°. To visualize the relative
relation between Er and Ejy, the local Alfven energy is shown as the black line
in Figure 4.1c. The EFI [Bonnell et al., 2008] and the Search Coil Magnetometer
(SCM) [Rouz et al., 2008] instruments observe the wave electric (Figure 4.1d -
e) and magnetic (Figure 4.1f - g) field respectively. High resolution wave spectra
from the fast survey data show the intensification of plasma wave emissions below
the lower hybrid resonant frequency frpr (estimated as 43 f., in Figure 4.1d - g).
Before ~ 03:28 UT, the narrow frequency band oblique whistler mode emissions
are characterized by a stronger power in FE, than E,, and a stronger power
in B, than B, . These waves also follow the varying trend of the lower hybrid
frequency fryr. We identify them as magnetosonic waves outside the plasma-
pause. Inside the plasmapause, the oblique emissions within a nearly constant
frequency band below ~ 150 Hz are also identified as magnetosonic waves. It
should be noted that the emissions with nearly constant frequency band above ~
200 Hz have comparable B, and B,,; components, and are therefore identified

as plasmaspheric hiss waves.

The proton ring distributions that potentially provide the free energy to excite
the waves are observed throughout the entire magnetosonic wave event. The
examples of the positive PSD slopes as a function of ion perpendicular energy
are shown by the three red arrows in Figure 4.1c. During the period 03:00-04:00
UT, as THEMIS A traveled from the region outside to inside the plasmapause,
the positive gradient in the ion PSD as a function of the perpendicular kinetic

energy Fj is most prominent at around 03:40 UT. In addition to the existence of
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the ion ring distribution, the relative ratio between the Alfven energy F 4 and the
ion ring energy is important for magnetosonic wave excitation. Here the Alfven
energy F, is defined as E4 = B2/(2uoN), where i is the vacuum permeability,
N is the total plasma density, and By is the background magnetic field intensity;
the ion ring energy Eg is defined as the peak energy in the ion ring PSD profile as
a function of Ej,. Outside the plasmapause, the local F4 is slightly higher than
ER, with a representative example shown at time 1 (the first dashed vertical line).
When the spacecraft was completely inside the plasmapause, F4 is much lower
than Eg, as represented at time 3 (the third dashed vertical line). Interestingly,
in between these two regions THEMIS A also traveled through a density plateau
region where the density slightly increased to ~ 40 cm™. Around time 2 (the
second dashed vertical line), F4 is slightly lower than Eg for ~ 5 min, which is
representative for the case near the plasmapause boundary. The following analysis
at these 3 different times results in different characteristics of the magnetosonic

waves, and these features will be discussed in Section 4.3.

4.3 Magnetosonic instability analysis under typical plasma

conditions

Magnetosonic waves in the Earth’s magnetosphere are known to be excited by the
positive gradients in the ion phase space density (f) distribution as a function of
perpendicular energy of the ions [Horne et al., 2000; Chen et al., 2010]. In general,
the local convective growth rate K; can be calculated as the summation of the
contributions from the resonant wave particle interactions at different resonant

harmonic numbers [Chen et al., 2010]:
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where n is the harmonic number, v, and v are the perpendicular and paral-
lel velocities respectively, and W, and W, are the perpendicular and parallel
weighting functions respectively. Here v is evaluated as the resonant velocity

Ures||, Which satisfies the following resonant condition:
W — kHvresH = TLQCp, (4.2)

where w is the magnetosonic wave frequency, €2, is the proton gyrofrequency, and

k) is the parallel wave number.

For highly oblique magnetosonic waves with wave normal angles generally
greater than 89°, kj is small, so v,., becomes small only when w ~ nfl,, es-
pecially for low harmonic resonances. Therefore, the wave growth rates peak
at frequencies close to the harmonics of local proton gyrofrequency f.,. Using
the cold plasma dispersion relation for perpendicularly propagating magnetosonic
waves, the wave phase speed w/k can be approximated as the Alfven velocity v,
except for frequencies near the local hybrid resonance frequency frgr. This is
especially true at low harmonic frequencies. Therefore, v, is an important factor

in controlling the wave growth rate and the unstable wave frequency band.

THEMIS instruments provide the ion differential energy flux data and the
background plasma condition information, which are key parameters in calculating
the magnetosonic wave growth rate during the real-time observed event. Figure
4.2 shows the magnetosonic wave instability analysis at the 3 representative times
as indicated by the magenta vertical lines in Figure 4.1. The different panels in
Figure 4.2 present ion PSD 2D distribution as a function of perpendicular (Ej )
and parallel (Ey) kinetic energy (panels a, d, g), ion PSD at a pitch angle of
~ 90° (panels b, e, h) as a function of perpendicular energy, and the resultant
magnetosonic wave growth rate in comparison with the observed wave intensity
as a function of normalized wave frequency f/f., (panels c, f, i), respectively.

The ion PSD at pitch angles from ~ 0° to ~ 90° and energies from ~ 10 eV to
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~ 21 keV are measured from the ESA instrument. The ion ring distributions
are clearly seen at around 12.3 keV at time 1 and time 2, and around 16.2 keV
at time 3, indicating the injection of ions from the plasma sheet to inside the
plasmasphere. However, as shown in Figure 4.1c, due to the varying background
plasma density N and magnetic field strength By, the value of Ey is ~ 24.2 keV
at time 1, ~ 7.47 keV at time 2, and ~ 0.43 keV at time 3. The positive gradients
in the energy range of 1 - 20 keV are considered to be potentially responsible for
exciting magnetosonic waves, and the positive gradients out of this range may
provide little contribution to wave excitation in the Earth’s inner magnetosphere

environment.

The local magnetosonic wave convective growth rates K; are calculated in
the normalized frequency range from (2., to 50§2,, with a frequency resolution
of 0.1€2,. The frequency grids are shifted away from nf2.,, by 0.05Q2,, to avoid
the singularities occurring at wave normal angles extremely close to 90° because
of requirement of finite £ in the growth rate formula. The total contributions
from resonant harmonics in the n range from -10 to 60 are calculated to evaluate
the convective growth rates as a function of the normalized wave frequency. The
wave growth rates are calculated at wave normal angles from 89.1° to 89.9° with
a step of 0.1° at time 1, and from 88.2° to 89.8° with a step of 0.2° at time 2 and
time 3, based on the sensitivity on wave normal angles which will be discussed in
Section 4.4. The maximum wave growth rate over all wave normal angles at each
frequency is subsequently chosen as the resultant local convective growth rate of

magnetosonic waves in the simulation.

The comparisons between the simulated magnetosonic wave growth rate (blue)
and the observed wave intensity (black) are shown in the lower panels in Figure 4.2.
The simulated magnetosonic waves occur at higher normalized frequencies at time
1, consistent with the observations. The frequency band of the simulated wave

is located towards the higher end of the observed wave frequency band, and this
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feature will be discussed in Section 4.5. At time 2, magnetosonic waves in lower
and broader normalized frequency band are excited from the simulation, with
fairly good agreement with the observations. Although the ion ring distribution
is most prominent at time 3, the calculated wave growth is too small compared
to the observed magnetosonic waves below ~ 25f.,. Our simulation suggests that
wave propagation from a distant source is needed to explain the presence of the
magnetosonic waves inside the plasmapause during this event, and in Chapter 5
we will perform the propagation analysis on a similar magnetosonic wave event to
confirm our hypothesis. The observed wave profile above ~ 30 f,, are confirmed to
be plasmaspheric hiss emissions, which are well separated from the magnetosonic

waves in the lower frequency band.

4.4 Wave normal angle dependence of magnetosonic wave

instabilities

Magnetosonic waves are excited at highly oblique directions with wave normal
angles larger than ~ 88.0°. Figure 4.3 shows the wave normal dependence of
magnetosonic wave instabilities at time 1 (left panel) and time 2 (right panel). The
wave local growth rates are calculated as a function of normalized wave frequencies
and the wave normal angle. Based on the major difference in background plasma
densities, the wave growth rates are shown at wave frequencies between 25w/,
and 50w/, at time 1 and between Ow/()., and 50w/€)., at time 2, and wave
normal angles between 89.0° and 90.0° at time 1 and between 88.0° and 90.0° at

time 2.

Although the wave growth rate is sensitive to the wave normal angle, the
frequency band of the major wave growth is relatively insensitive over a range of
wave normal angles. Consistent with the observed frequency spectra of the waves,

our modeling shows positive growth rates at higher harmonic frequencies within
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a narrower frequency band at time 1, and at lower harmonic frequencies over a
broader frequency band at time 2. The waves appear to be more oblique outside
the plasmapause (time 1) than in the density plateau region (time 2), but the small
difference is within the observational uncertainty given that the low frequency
geophysical noise is present in the ambient magnetic field. The major peak of
the wave normal angle feature shifts towards the higher normalized frequency
band as the wave normal angle increases, indicating that the wave normal angles
of the locally excited magnetosonic waves are higher at higher normalized wave
frequencies. In the following simulations, we will calculate the wave growth rates
for wave normal angles from 89° to 90° outside the plasmapause and from 88°
to 90° inside the plasmapause, at normalized wave frequencies from w/(), to
60w /2, which fully covers the regime of possible wave growths. Therefore, the
wave growth rates in our simulation presents the possible highest wave growth

under the observed background plasma conditions.

4.5 Total plasma density dependence of magnetosonic wave

instabilities

As discussed in Section 4.3, compared to the fairly good agreement between the
observation and simulation at time 2 in Figure 4.2f, at time 1 the calculated wave
frequency band in Figure 4.2c is located in the higher end of the observed wave
frequency band. We also note that the total plasma density of ~ 10cm ™3 was used
to calculate wave growth rates at time 1, while the total plasma density is higher
than ~ 100cm =2 at time 2. However, there can be a factor of two uncertainty in
the total plasma density inferred from the spacecraft potential especially outside
the plasmapause, according to the analysis by Li et al. [2010]. Therefore, we
calculate the wave growth rates by varying the plasma density for a sensitivity

study about the wave growth rates on the total plasma densities.
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Figure 4.4 shows the comparison between the calculated magnetosonic wave
growth rates (blue) and the observed magnetosonic wave frequency spectra (black)
outside the plasmapause (time 1, top) and near the plasmapause boundary (time 2,
bottom). The wave growth rates and wave intensities are presented as a function of
normalized wave frequency. We have varied the total plasma density as 0.667N, NV,
and 1.5N to study the role of density in the excited wave frequency spectra, where
N is the total plasma density inferred from the spacecraft potential. Generally, the
calculated peak wave growth rates shift to lower (higher) normalized frequencies,
when the higher (lower) density is used, consistent with Chen et al. [2010]. The
density value also affects the strength of wave growth as it changes the ratio
between Er and E,4. The strength of wave growth tends to be larger when Fr
approaches close to F4 by varying the density. Our sensitivity test shows that
the best agreement with the observation is obtained when the density outside the
plasmapause (time 1) is increased by a factor of 1.5. However, the simulation
result is fairly good at time 2 when using the nominal inferred density data from
the spacecraft potential. Figure 4.4 confirms that the observed magnetosonic wave
frequency spectra are resultant of the background plasma conditions as observed

by THEMIS.

4.6 Simulation of magnetosonic wave instabilities across

the plasmapause boundary

We will perform a simulation of the magnetosonic wave event as observed by
THEMIS in this section. Simulation of the entire magnetosonic wave event is
feasible using the ion flux measurements from the ESA instrument and the si-
multaneous fast survey wave spectra recorded by the SCM instrument aboard
THEMIS. The 3 times discussed in section 3 show representative excitation mech-

anisms in typical regions with different Er/FE4 ratios. The simulation for the
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entire sequence of the magnetosonic wave event is shown in Figure 4.5. The pan-
els in Figure 4.5 presents THEMIS observation of total plasma density, ion PSD
as a function of perpendicular energy, power spectral density of B and B, and

the simulated local wave growth rate from our local instability analysis.

The excited magnetosonic wave growth rates have similar trends as the ob-
served intensity spectrum from ~ 03:00 UT to ~ 03:40 UT. When Epy is compa-
rable to F 4, the local wave growth can account for the presence of both narrow
band magnetosonic waves with frequencies varying with f;yr and broad-band
magnetosonic waves near the plasmapause boundary. The modulation of the ex-
cited magnetosonic wave profile with varying density is also clear when the density
fluctuates during ~ 03:30-03:40 UT. However, the proton ring distribution inside
the plasmapause after ~ 03:40 UT cannot provide sufficient free energy for the ob-
served local magnetosonic waves. The fact that the frequency band of waves inside
the plasmapause does not follow the local f;yr and the intensity of magnetosonic
waves becomes weaker away from the plasmapause suggests that these magne-
tosonic waves may have propagated into the plasmasphere from a source region at
or near the density fluctuating region near the plasmapause. The comparison be-
tween observed magnetosonic wave spectra (Figure 4.5¢) and the simulated wave
growth rates (Figure 4,5e) clearly illustrates the energy source of magnetosonic

waves.

4.7 Simulation of broad band magnetosonic wave instabil-
ities

In addition to the narrow band magnetosonic waves outside the plasmapause,

magnetosonic wave events within a broad frequency band away from the plasma-

pause boundary are also occasionally observed by THEMIS. However, it is unclear

whether these broad-band features are caused by the local excitation mechanism
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or by propagation effects. Using the same method as described above, we will
simulate another typical broad frequency band magnetosonic wave event in this

section.

Figure 4.6 presents the comparison of the simulated wave growth rate spec-
trum and the observed broad band magnetosonic wave spectrum on 19 October
2011. In a similar format with Figure 4.5, the different panels shows the THEMIS
observations of total plasma density, differential ion energy flux, energy spectrum
of ion PSD, power spectral density of B and B, , and the simulated wave growth

rate from our local instability analysis.

The magnetosonic waves are observed outside the plasmapause and become
weaker after the spacecraft enters the plasmasphere. Throughout this wave event,
an ion ring distribution with Er between a few keV and 10 keV is clearly evident
in the ion spectra. The positive gradients which are potentially capable of provid-
ing free energy for magnetosnic wave excitation are indicated by the red arrows
in Figure 4.6¢c. F4 (black line) is slightly lower than Er outside the plasmapause.
Broad band strong wave growth is expected based on the simulation with remark-
able agreement with the observed B) power spectrum. When the density increases
to above 100cm =3 after ~ 10:04 UT, E4 drops to an order of magnitude below Eg,
and much weaker magnetosonic waves are excited over a slightly lower frequency
band. When the density increases even more inside the plasmasphere after ~ 10:30
UT, there is little wave growth. Similar to the magnetosonic event on 24 Novem-
ber 2010, the weaker magnetosonic waves observed inside the plasmapause may
come from a source in the outer unstable region. After being locally excited by
the ion ring distribution outside the plasmapause, the broad band magnetosonic
waves could propagate radially into the plasmasphere in the magnetic equatorial
plane as suggested by Chen and Thorne [2012] and Xiao et al. [2012]. Outside the
plasmapause, our simulation suggests that the broad band magnetosonic waves

are mainly locally excited.
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4.8 Discussions and Conclusions

This chapter mainly addresses the local excitation scenario of magnetosonic waves
under typical plasma conditions in the inner magnetosphere. We analyzed the
magnetosonic wave instability using simultaneously observed wave and proton
distributions from THEMIS and modeled the wave linear growth rates. Our mod-
eling provides a reasonable explanation of the excited wave frequency spectra
based on the observed proton distributions and identifies the spatial regions po-

tentially unstable to excite magnetosonic waves.

The main conclusions are summarized as follows: (1) the ion ring distributions
observed simultaneously with the magnetosonic wave emissions exhibit unstable
positive slopes in phase space density, which can potentially provide the free energy
to excite magnetosonic waves; (2) higher frequency, narrower bandwidth magne-
tosonic waves are excited in a broad spatial region outside the plasmapause where
E 4 is slightly higher than Eg; whereas (3) lower frequency and wider bandwidth
magnetosonic waves are excited near the plasmapause boundary if £, becomes
slightly lower than Eg; (4) magnetosnic waves observed inside the plasmasphere,
where F 4 is much lower than Fg, are likely to propagate from a source in the
unstable wave regions just outside the plasmasphere; (5) magnetosonic waves are
excited at highly oblique wave normal angles (higher than 88°), and the unstable
frequency band is dependent on the wave normal angle; (6) the magnetosonic
wave growth rate and unstable wave frequency band are dependent on the plasma
density, due to the dependence on the ratio F4/FEg; (7) both narrow and broad
frequency band magnetosonic waves outside the plasmapause are mainly due to lo-
cal excitation under different background plasma conditions; (8) the simulation of
magnetosonic instability due to the ion ring distributions with Ex between 1 keV
and ~ 20 keV agrees well with the frequency spectra of the observed magnetosonic

wave events in the afternoon sector outside the plasmapause, demonstrating that
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those ion ring distributions are responsible for the wave generation.

In order to obtain the full ion ring distribution, in the analyzed events above
we have limited the ion ring energy to less than 20 keV, which is near the upper
energy limit of the ESA instrument. Beyond that the SST instrument can mea-
sure proton distributions but requires special processing in order to remove sun
contamination and background (penetrating) electrons. As shown in Figure 4.1c
and Figure 4.6c, E can reach close to ~ 20 keV for the ion ring events in the
afternoon sectors. However, higher energy ions can drift to earlier magnetic local
times [Lyons and Williams, 1984; Thomsen et al., 2011], therefore Er may become
higher than 20 keV in the morning sectors. The statistical study of positive slopes
in PSD distribution by Thomsen et al. [2011] has shown that, although Er values
are infrequent above 24 keV at geosynchronous orbit, they tend to become most
probable in the 06-13 MLT range. It will be therefore interesting to investigate
the magnetosonic instability near the dawnside where magnetosonic waves are
reported to be strong [Ma et al., 2013], with the ion flux observations at higher
energies. Our simulation result implies that the observed magnetosonic waves
near the dawnside are also probably caused by similar mixture of local excitation
mechanisms and propagation effects. Since our study has directly demonstrated
a close relation between the ion ring distribution and the excited magnetosonic
wave, it will be interesting to study statistically both the global distribution of the
ion ring that can potentially excite magnetosonic waves, and the magnetosonic
waves themselves from multiple THEMIS and Van Allen Probes satellites. It will
also be interesting to compare statistically the global distribution of the magne-
tosonic growth rate with the observed magnetosonic waves to verify the relative
importance of propagation and local instability in the observed waves. These
studies will be left for the future work of interest, and will contribute to better
understanding of the dynamic relation between the plasma waves and particle

distribution in the Earth’s inner magnetosphere.
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As discussed in both magnetosonic wave events in this chapter, the local excita-
tion mechanism cannot provide explanation for the observed magnetosonic waves
when E4 becomes much lower than Er in high density regions, especially deep in
the plasmasphere. However, the magnetosonic waves with noticeable wave ampli-
tude are occasionally observed in the plasmasphere regardless of the high densities.
The waves tend to present a broad and nearly constant frequency spectra with
highest intensity near the plasmapause boundary, suggesting a potential source
near the boundary and further propagation effects in the plasmasphere. There-
fore, we will investigate the capability of wave propagation in the plasmasphere

in the next chapter.
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Figure 4.1: Magnetosonic waves observed by THEMIS A on 24 November 2010.
(a) The total plasma density; (b) ion differential energy flux at a pitch angle of
90°; (c) ion PSD; (d) power spectral density of Ey, 1 ; () Ey; (f) Buw|; and (g) By
from wave spectra data. The 3 selected typical times are indicated by the vertical
dashed lines. The red arrows in panel (¢) indicate 3 examples of the positive

gradients in ion PSD.
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Figure 4.2: The observed ion PSD distributions in the parallel and perpendicular
energy space (first row), the ion PSD at a pitch angle of 90° as a function of
E, (second row), and the comparisons (third row) of the observed wave intensity
(black) with the simulated wave growth rate (blue) as a function of normalized
wave frequency. The analyses are performed at time 1 (first column), time 2

(second column), and time 3 (third column), respectively.
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Figure 4.3: Magnetosonic wave growth rates (color-coded) as a function of nor-
malized wave frequency and wave normal angle at time 1 (panel a) and time 2
(panel b). The white area represents the region without wave growth (y < 0).
Note that based on the relative values of Er and E 4, the frequency of wave growth
is different in the two regions. The frequency scale in the horizontal axis is also
different in the two panels, adjusted accordingly. Also note that the wave normal

angle scales are also different: they are wider on the right, consistent with the
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Figure 4.4: Simulation of magnetosonic wave growth rates (blue) with different
plasma densities of 0.667N (first column), N (second column), and 1.5N (third
column) at time 1 (row 1) and time 2 (row 2), where N is the total plasma density
inferred from the spacecraft potential. The observed wave intensity is indicated

with a black line in each panel.
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Figure 4.5: Comparison of the simulated wave growth rate spectrum and the
observed magnetosonic wave spectrum on 24 November 2010. (a) Total plasma
density; (b) ion PSD as a function of energy for a pitch angle of ~ 90°; (c¢) power
spectral density of By; (d) By; (e) simulated local wave growth rate. The other
notions are the same as in Figure 1. The white area in (e) represents the region

without significant wave growth (less than 0.5 dB/Rg).
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Figure 4.6: Comparison of the simulated wave growth rate spectrum and the
observed broad band magnetosonic wave spectrum on 19 October 2011. (a) Total
plasma density; (b) differential ion energy flux for a pitch angle of ~ 90°; (c)
energy spectrum of ion PSD for a pitch angle of ~ 90°; (d) power spectral density
of By; (e) By; (f) simulated local wave growth rate. The other notions are the
same as in Figure 1. The white area in (f) represents the region without significant

wave growth (less than 0.5 dB/Rp).
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CHAPTER 5

Propagation of magnetosonic waves in the outer

plasmasphere

Besides the local excitation by ion ring distributions, the global distribution of
magnetosonic waves is also determined by the trace of the emissions from their
energy source. As discussed in Chapter 4, equatorial magnetosonic waves are typ-
ically excited outside the plasmapause or near the plasmapause boundary. How-
ever, the waves are also observed in a widely extended region in the plasmasphere
as shown in Chapter 3. The full understanding of the existence of magnetosonic
waves requires further study about the propagation effects in the plasmasphere,

which is the objective of this chapter.

In this chapter, we investigate the excitation and propagation of equatorial
magnetosonic waves observed by the Van Allen Probes, and describe evidence
for a trapping mechanism for magnetosonic waves in the Earth’s plasmasphere.
The recent Van Allen Probes mission provides excellent observation of plasma
waves and particle distributions in the inner magnetosphere. Intense equatorial
magnetosonic waves were observed inside the plasmasphere in association with a
pronounced proton ring distribution, which provides free energy for wave excita-
tion. Instability analysis along the inbound orbit demonstrates that broad-band
magnetosonic waves can be excited over a localized spatial region near the plasma-
pause. The waves can subsequently propagate into the inner plasmasphere and
remain trapped over a limited radial extent, consistent with the predictions of

near-perpendicular propagation. By performing a similar analysis on another ob-
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served magnetosonic wave event, we demonstrate that magnetosonic waves can
also be trapped within local density structures. We suggest that perpendicular
wave propagation is important for explaining the presence of magnetosonic waves

in the Earth’s plasmasphere at locations away from the generation region.

This chapter is organized as the following: Section 5.1 provides a brief introduc-
tion about the equatorial magnetosonic waves in the Earth’s inner magnetosphere,
and we will mainly focus on summarizing the previous studies about the propa-
gation of the waves near the equatorial plane; Section 5.2 provides a simplified
illustration of the magnetosonic wave propagation, and demonstrates the existence
of a potential trapping region of the equatorial magnetosonic waves in the plas-
masphere; Section 5.3 presents an intense magnetosonic wave event observed by
the Van Allen Probes in the plasmasphere, and shows that the observed ion ring
distributions could provide the excitation of magnetosonic waves near the plasma-
pause boundary; using the wave trapping theory, the possible trapping region is
simulated in Section 5.4, which demonstrates that the observed wave spectra are
resultant of the wave trapping in the plasmasphere; satellite observation occa-
sionally shows that magnetosonic waves are modulated by the density structures
in the plasmasphere, and Section 5.5 proves that the waves can be trapped and
therefore constrained within a local density enhancement region; we summarize
our results in Section 5.6 and illustrate the magnetosonic wave excitation and

propagation scenario in the outer plasmapshere.

5.1 Introduction

Equatorial magnetosonic waves are oblique whistler-mode electromagnetic emis-
sions between the proton gyrofrequency and the lower hybrid resonant frequency

le.g., Perraut et al., 1982; Laakso et al., 1990; Santolik et al., 2004]. The waves

are typically observed near the Earth’s magnetic equator [e.g., Russell et al.,

89



1970; Gurnett, 1976; Santolik et al., 2002], and may have potentially important
effects in particle scattering in the radiation belts [e.g., Horne et al., 2007; Bortnik
and Thorne, 2010; Mourenas et al., 2013; Xiao et al., 2014]. Recent spacecraft
missions in the Earth’s magnetosphere have provided excellent coverage for inves-
tigating magnetosonic wave spectral properties, spatial distributions, and their
dependencies on the local plasma conditions [Santolik et al., 2004; Meredith et al.,
2008; Ma et al., 2013]. Magnetosonic waves in the Earth’s inner magnetosphere
are excited by positive phase space density (PSD) slopes in the ion ring distri-
bution over the energy range from ~ 1 keV to ~ 30 keV [Perraut et al., 1982;
Horne et al., 2000; Thomsen et al., 2011; Chen et al., 2011; Liu et al., 2011; Xiao
et al., 2013], and the unstable frequency spectra and local wave growth rates are
modulated by the relative ratio between the local Alfven energy (£4) and ion ring

energy (Eg) [Boardsen et al., 1992; Chen et al., 2010].

The global surveys of magnetisonic waves have shown that magnetosonic waves
have higher occurrence rates outside the plasmapause than inside the plasma-
pause, due to their strong dependence on the presence of ion ring distributions
[Meredith et al., 2008; Ma et al., 2013]. With simultaneous observations of ion
ring distributions with Er close to E4, magnetosonic waves outside the plasma-
pause can generally be explained by a local excitation mechanism [e.g., Ma et al.,
2014a]. However, the local excitation mechanism cannot explain the presence of
magnetosonic waves deep inside the plasmapause where E4 becomes much less
than Fr and the conditions for local generation of magnetosonic waves are typi-
cally not satisfied [Chen et al., 2010; Ma et al., 2014a]. Nonetheless, magnetosonic
waves are observed over a wide range of Li-shells inside the plasmasphere, and their
distributions are more uniform inside the plasmapause than outside the plasma-
pause [Meredith et al., 2008; Ma et al., 2013]. The magnetic power intensities of
magnetosonic waves are also observed to exist at frequencies off the whole har-

monics of the local proton gyrofrequency, indicating that magnetosonic waves can
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propagate both radially and azimuthally [Santolik et al., 2002]. In addition, the
equatorial contineous observation of magnetosonic waves inside the plasmapause
typically presents a nearly constant wave frequency band, which is a character of
wave propagation perpendicular to the background magnetic field. Consequently,
it is necessary to incorporate propagation effects together with the local excita-
tion mechanism to reconstruct the observed magnetosonic wave events inside the

plasmapause as presented in the subsequent sections.

The analysis by Chen and Thorne [2012] has shown the wave propagation ef-
fects under different circumstances. Outside the plasmapause, the magnetosonic
waves propagate in the equatorial plane and are refracted before reaching the
plasmapause boundary; however, inside the plasmapause, magnetosonic waves
within a wide range of azimuthally propagating angles may become trapped be-
tween the outer edge of the plasmapause and deep in the plasmasphere; only
a small portion of the magnetosonic waves with wave azimuthal angle pointing
nearly radially can penetrate through the plasmapause and propagate inward into
the plasmasphere or outward into the plasmatrough. When the waves are trapped
in the plasmasphere, they obtain extended periods of energy gains if the ion ring
distribution is present. Therefore, wave trapping inside the plasmapause is an im-
portant factor for explaining the existence of the waves. A simplified illustration

of this effect in the plasmasphere will be further discussed in Section 5.2.

Using the Van Allen Probes wave and particle measurements, we will perform
a combined wave excitation and propagation analysis on two magnetosonic wave
events, and directly demonstrate that magnetosonic waves can be excited near
the plasmapause and subsequently be trapped inside the plasmasphere or within
local density structures. Our study indicates the importance of wave propagation

in understanding the magnetosonic wave distribution in the plasmasphere.
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5.2 Perpendicular propagation of magnetosonic waves

The magnetosonic waves are highly oblique electromagnetic emissions narrowly
confined near the Earth’s magnetic equator, and therefore the trace of the waves
can be approximated as propagating perpendicular to the background magnetic
field in the equatorial plane in the Earth’s inner magnetosphere. This simplifies
the ray-tracing technique into a 2-D problem, i.e., the solve of the wave path in
L-MLT regime. In the analysis in this section, we further assume that the Earth’s
magnetic field to be a dipole field, and the plasma density in the plasmasphere
obeys Sheeley’s density model [Sheeley et al., 2001] which only depends on L-shell.
Therefore, the background plasma condition is azimuthally symmetric around the

Earth.

When the plasma waves propagate through two different refractive media, the
wave frequency and the component of wave vector parallel to the interface of the
two media are conserved. As a consequence, the trajectory of the waves obey
Snell’s law which describes the relation between the direction of the incoming
wave trace and the direction of the outgoing wave trace. In polar coordinates, the

Snell’s law is expressed as:

n1L1 sin 1?1 = n2L2 sin 1/)2, (51)

where subscripts "1’ and 2’ denote the refractive medium on different sides, n is
the refractive index, 1) is the wave azimuthal angle in the equatorial plane, which

is defined as 0° when pointing outward and 90° when pointing eastward.

Equivalently, Snell’s law implies that the quantity () is conserved when the
magnetosonic wave propagates through the continuously varying media in the

Earth’s magnetosphere:

Q) = nLsiny. (5.2)
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Consequently, the wave azimuthal angle varies as the wave propagate across
different L-shells. The trajectory of the equatorial magnetosonic waves can be

obtained using the conservation of .

We use a simplified Earth’s plasmasphere model to illustrate the path of the
waves in the plasmasphere. We use Sheeley’s plasma density model in the plas-
masphere to model the total plasma density at L < 4.4, and Sheeley’s plasma
density model in the plasmatrough to model the total plasma density at L > 4.6;
the plasma density linearly decreases from 219 cm™3 to 22.4 cm™3 as L increases
from 4.4 to 4.6. A source of magnetosonic waves at a constant frequency of 60 Hz
is assumed to be located at L = 4.5, and the waves may propagate radially and

azimuthally in the equatorial plane.

Figure 5.1 presents the total plamsma density, refractive index, and the Q
value with azimuthal angle equal to 90° as a function of L-shell. A plasmapause
boundary is defined around L = 4.5. The refractive index generally increases
as L-shell increases but decreases significantly near the plasmapause due to the
decrease in total plasma density. n increases to infinity around L = 7 when
the local lower hybrid resonance frequency approaches the wave frequency. The
Q(¢ = 90°) profile presents a maximum value near the plasmapause boundary.
When the waves propagate in the equatorial plane, the () value is conserved, and
the wave azimuthal angle reaches 90° when the ray reaches the Q (1) = 90°) profile.
Subsequently, the waves are refracted backward and trapped in the limited region
in the plasmasphere. The dashed line in the bottom panel in Figure 5.1 therefore

indicates a potential trapping region.

Figure 5.2 clearly illustrates the wave path in the plasmasphere. At initial
point located at L = 4.5, the magnetosonic waves with initial azimuthal angles of
30° (red) and 60° (blue) are launched inside the plasmapause. The top panel of
Figure 5.2 shows the variation of wave azimuthal angle as a function of L-shell.

Clearly, when the waves propagate away from the Earth, the azimuthal angle
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reaches 90° quickly due to the density drop; when the waves propagate towards
the Earth, the azimuthal angle also reaches 90° as the refractive index and L de-
crease. Waves with smaller azimuthal angle extend into a wider region in L shells,
yet waves within a large range of azimuthal angles are well trapped in the plas-
masphere. The bottom panel of Figure 5.2 presents the trajectory of the trapped
magnetosonic waves in the equatorial plane. The waves bounce in a limited radial
region in the outer plasmasphere near the magnetic equator. In addition, the
ion ring distribution that potentially amplify the wave amplitude of magnetosonic
waves may be present in a wide MLT region near the plasmapause boundary, and
the trapped magnetosonic waves may obtain energy gain in a prolonged period

and extended area.

We will use this technique to study the potential trapping of equatorial mag-
netosonic waves observed by the Van Allen Probes. However, it’s not practical to
exactly obtain the initial wave azimuthal angle and the location of the wave source.
Without those information, the calculation of Q (i) = 90°) profile, which only de-
pends on the radial profile of background magnetic field and total plasma density,
still provides the predictions about the potential trapping region of magnetosonic
waves as shown in Figure 5.1. The utilization of this method for the real-time

observation of magnetosonic waves will be shown in the following sections.

5.3 Intense magnetosonic waves observed by the Van Allen

probes

The Van Allen Probes are two identical spacecraft (Probe A and B) in nearly
equatorial orbits with a perigee ~ 1.1 Rp and an apogee ~ 5.9 Rg [Mauk et al.,
2013]. Designed for the scientific study about the Earth’s inner magnetosphere
and the radiation belts, the Van Allen Probes provide high-resolution particle and

wave measurements in the Earth’s inner magnetosphere. The Energetic Particle
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Composition and Thermal Plasma Suite (ECT) [Spence et al., 2013] measures
the radiation belt electron and ion spectra with sufficient energy and pitch angle
coverage, and the Helium Oxygen Proton Electron (HOPE) instrument [Funsten
et al., 2013] covers the particle energy range from ~ 1 eV to ~ 50 keV. The
Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS)
[Kletzing et al., 2013] measures the DC magnetic field and the wave electric and
magnetic fields using the magnetometer and the Waves instrument, respectively.
The Waveform Receiver (WFR) of the Waves instrument measures wave spectra
from 10 Hz to 12 kHz for all the three components of both electric field and mag-
netic field. The WFR not only measures wave power spectral density but also
provides wave polarization properties including wave normal angle, azimuthal an-
gle, and ellipticity, calculated by the Singular Value Decomposition (SVD) method
[Means, 1972; Santolik et al., 2003]. The High Frequency Receiver (HFR) of the
Waves instrument measures the electric field spectra density from 10 kHz to 400
kHz [Kletzing et al., 2013], which covers the upper hybrid resonance frequency
fumr range in the inner magnetosphere and can therefore be used to infer the

total plasma density in the Earth’s radiation belts.

Figure 5.3 presents the intense magnetosonic wave and ion ring event observed
by Van Allen Probe A during 09:30 — 12:00 UT on 04 December 2012. The dif-
ferent panels presents: (a) the electric field power spectral density in the Waves
HFR channel; (b) proton PSD as a function of energy for a pitch angle of ~ 90°
measured by the HOPE instrument; (c¢) magnetic field power spectral density in
the Waves WFR channel; (d) magnetic wave amplitudes of magnetosonic waves;
(e) magnetosonic wave normal angles; (f) wave magnetic compressibility; (g) cal-
culated magnetosonic wave local growth rates using the same methods in Chapter
4. Here the magnetic compressibility is defined as (|By,||/|Bw|)?, where B, and
B,, are the parallel component of the wave magnetic field power spectral density

and the total wave magnetic field power spectral density respectively.
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The spacecraft was traveling nearly radially inward near the Earth’s magnetic
equator. The upper hybrid resonance frequency line as highlighted by the white
solid line in the HFR spectra (Figure 5.3a) indicates that the spacecraft was in-
side the plasmapause after ~ 09:50 UT. The proton phase space density (PSD)
measurements at different energies and pitch angles (not explicitly shown here)
indicate the existence of the ion ring distribution. The energy spectra of proton
PSD at a pitch angle of 90° (Figure 5.3b) show that an ion ring distribution was
formed inside the plasmapause and extended deep into the plasmasphere. The
proton ring energy Eg, which is defined as the proton perpendicular energy asso-
ciated with the peak PSD value, is a few keV during this event. Previous analysis
le.g., Chen et al., 2010, 2011] has demonstrated that an ion ring distribution may
potentially excite magnetosonic waves when Ep is close to the local Alfven energy
Ea (Ea = B2/(2uoN), where p is the vacuum permeability, N is the plasma
density, and By is the background magnetic field intensity). Magnetosonic waves
below the lower hybrid resonance frequency frygr (the white solid line) are cap-
tured in the WFR magnetic field power spectrogram (Figure 5.3c). Between ~
10:08 UT and ~ 11:15 UT, the magnetosonic waves have nearly constant frequen-
cies. Following the inward trajectory of the spacecraft, the magnetosonic waves
become most intense at around 10:20 UT, and gradually fade further inside the
plasmasphere. After ~ 11:15 UT, the spacecraft observed weaker magnetosonic
waves extending to increasingly higher frequencies, following the frggr trend. We
integrated the magnetic field power spectral density over the frequencies between
fep and frmr to obtain the wave amplitude during the magnetosonic wave event.
As shown by the wave normal angle, wave compressibility, and wave ellipticity
distribution, most of the wave power between f., and fryr are identified as fast
magnetosonic waves. The magnetosonic wave amplitude (Figure 5.3d) remained
higher than 100 pT for ~ 15 minutes, indicating that strong magnetosonic waves

were present over a broad region near the equatorial plane. The wave normal angle

96



distribution (Figure 5.3e) shows that the waves are highly oblique, thus the wave
vectors lie near the equatorial plane and the waves can propagate both radially
and azimuthally. The high wave magnetic compressibility (Figure 5.3f) indicates
that the wave magnetic component parallel to the background magnetic field is

the dominant component, and these waves are fast magnetosonic mode.

Using the same technique as [Ma et al., 2014a] also shown in Chapter 4, we
perform a local magnetosonic wave instability analysis on the observed proton
PSD distribution. The full pitch angle coverage of the ion ring distribution is
obtained from the HOPE instrument with sufficient pitch angle resolution. The
wave growth rates (Figure 5.3g) are calculated from ~ 10:08 UT to ~ 12:00 UT
when the ion ring distributions are present, and the results are clearly modulated
by the relative ratio of E4 (the white solid line in Figure 5.3b) to E (the black
dotted line in Figure 5.3b). Close to the plasmapause, F, is slightly lower than
Eg, and strong growth rates occur over a broad frequency band. The local growth
rates fade away after ~ 10:40 UT when the ratio of E4/Eg drops below ~ 0.1.
Deeper inside the plasmasphere after ~ 11:30 UT, E4 gradually increases due
to the increase of the background magnetic field strength. When E,4 becomes
slightly lower than Fg, the calculation of magnetosonic wave growth rate exhibits
modestly positive values associated with the weak proton ring distributions. The
local instability analysis is consistent with the observed magnetosonic wave power
spectrum in the outer region before ~ 10:40 UT, but cannot account for the
existence of relatively strong magnetosonic waves between 10:45 UT and 11:15
UT. This feature is similar with the magnetosonic wave event studied in Chapter

4, and will be addressed in the next section.
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5.4 Trapping of magnetosonic waves in the plasmasphere

According to the magnetosonic wave propagation analysis in [Chen and Thorne,
2012], the quantity @@ = nLsin is conserved along the ray path during near-
perpendicular propagation in an axisymmetric or locally axisymmetric medium,
where n is the refractive index and ¢ is the wave azimuthal angle, with 0°
(180°) being directing radially outward (inward) and 90° (270°) being directing
azimuthally toward later (earlier) local time. Consequently, magnetosonic waves
launched over a wide range of azimuthal angles may be trapped in the outer
plasmasphere due to the maximum of the refractive index at the inner edge of
plasmapause for a given wave frequency. As the wave propagates away from the
inner edge, the refractive index decreases rapidly, thus the azimuthal angle ap-
proaches 90° and radial reflection occurs. The ray can be reflected radially at the
innermost or outermost L-shell corresponding to the azimuthal angle of 90°. For a
wave launched at given L, 1) and wave frequency, we can calculate corresponding
(@ and then determine the radial range of the innermost and outermost L-shell of
trapping region by the reflection condition Q(v» = 90°) = nL [Chen and Thorne,
2012]. We can use this range, which has wave frequency dependence, to predict

the radial extent of magnetosonic wave trapping at different wave frequencies.

To analyze the trapping region of the observed magnetosonic wave event, we
have made several assumptions: (1) the magnetosonic waves propagate in a two di-
mensional equatorial plane; (2) the azimuthal spatial variations in the background
plasma density are small; (3) the temporal variations during the ~ 2 hours period
of the observation are small; (4) the wave source is well captured by the space-
craft during its inbound or outbound orbit. These assumptions are necessary and

consistent with the assumptions in Section 5.2 and Chen and Thorne [2012].

In Figure 5.4, we use the conservation of () to study the effects of magnetosonic

wave propagation during 10:00 — 12:00 UT on 04 December 2012. The different
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panels show the following: (a) The total plasma density inferred from the upper
hybrid resonance frequency line in Figure 5.3a; (b) magnetic field power spectral
density in the Waves WFR channel; (c¢) wave azimuthal propagation angle; (d)
wave magnetic field power spectral density at 43.79 Hz; (e) calculated Qv =
90°) = nL profile at 43.79 Hz; and (f) estimated magnetosonic wave trapping

region from the trapping analysis.

During the inbound path of the spacecraft, the plasma density (Figure 5.4a)
increases from ~ 60 cm™3 at L ~ 5.2 to ~ 800 cm 3 at L ~ 4.2 where the
magnetosonic waves fade out. The distribution of observed azimuthal wave an-
gles (Figure 5.4¢) is scattered, yet magnetosonic waves at the outer regions are
observed to be mainly propagating inward to lower L-shells. The magnetosonic
wave intensity at 43.79 Hz is shown in Figure 5.4d, and we calculated the value
of Qv = 90°) = nL at the same frequency in Figure 5.4e. After magnetosonic
waves are locally excited inside L ~ 5.2, the outer boundary of the observed wave
trapping (indicated by the left end of the red two-way arrow in Figure 5.4e) is
used to identify the minimum Q (¢ = 90°) value (Qmin), and the inner boundary
of the trapping region is then determined at the location where Q(1) = 90°) drops
below Q,.in deep inside the plasmasphere, which is indicated by the right end of
the red two-way arrow in Figure 5.4e. The predicted trapping region in Figure
5.4e agrees well with the observed wave intensity in Figure 5.4d. We also calcu-
lated the trapping region at different frequencies in Figure 5.4f. The simulated
trapping region covers the observed wave extent reasonably well, indicating that
magnetosonic waves are excited at relatively larger L-shells mainly between ~ 5.0
and ~ 5.2, subsequently are able to propagate inward to L =~ 4.0, and thus
become trapped at L-shells between ~ 4.0 and ~ 5.2. The magnetosonic waves
with nearly constant frequency bands are occasionally observed by the spacecraft
in the plasmasphere, and the similar technique can be used to verify the possible

trapping of the observed waves.
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5.5 Magnetosonic waves trapped by local density struc-

tures

Because the () values are dependent on total plasma density values, the local
plasma density structures may produce a maximum value of nL, therefore af-
fecting the trapping regions and subsequently controlling the presence of trapped
magnetosonic waves. This may provide a reasonable explanation for the modula-

tion of magnetosonic waves by the total plasma density variations.

Figure 5.5 shows an example of magnetosonic waves that are modulated by
the local density structures in the plasmasphere. The different panels show the
following: (a) the total plasma density inferred from the upper hybrid resonance
frequency line measured by the Waves HFR channel; (b) proton PSD as a func-
tion of energy for a pitch angle of ~ 90° measured by the HOPE instrument; (c)
magnetic field power spectral density in the Waves WFR, channel; (d) wave el-
lipticity; (e) calculated magnetosonic wave local growth rates; (f) wave magnetic
field power spectral density at 55.54 Hz; (g) calculated Q(v» = 90°) = nL profile

at 55.54 Hz; (h) estimated magnetosonic wave trapping region.

The spacecraft was traveling nearly radially away from the Earth. The total
plasma density (Figure 5.5a) inferred from the wave power spectra in the HFR
channel drops from more than 100 cm™ to around 50 ecm™ at L ~ 5.35 and
L ~ 5.48 respectively. The wave magnetic field power spectral intensity (Figure
5.5¢) shows the intensification of magnetosonic waves with low ellipticity ~ 0
(Figure 5.5d), and the wave intensity modulation is associated with the density
variations after ~ 05:30 UT. The magnetosonic waves are also observed in a broad
region inside the plasmasphere from ~ 03:50 UT to 05:40 UT. Clear ion ring
distributions (Figure 5.5b) are observed after ~ 04:40 UT, and the calculation of
local magnetosonic wave growth rates (Figure 5.5¢) shows that the ion rings can

locally excite magnetosonic waves outside L ~ 5.1 where Fg (the black dotted line
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in Figure 5.5b) becomes comparable to E4 (the white solid line in Figure 5.5b).

We calculated the nL profile for 55.54 Hz in Figure 5.5g, which presents a
potential trapping region at 55.54 Hz. The trapping region corresponding to
each frequency band is calculated in Figure 5.5h. Our simulation of the trapping
region clearly shows that the magnetosonic waves are trapped by the local density
structure between L ~ 5.35 and L ~ 5.48 from ~ 40 Hz to ~ 100 Hz, which agrees
well with observations. Inside L ~ 5.35, magnetosonic waves can be trapped over
a limited inward radial extent to L ~ 4.2 at a frequency of ~ 40 Hz, or to L ~
5.0 at a frequency of ~ 100 Hz. However, magnetosonic waves are observed much
further inside the plasmasphere to L ~ 3.35. Also, the observed magnetosonic
waves between L ~ 3.7 and L ~ 4.2 are much stronger than those in the identified
source region outside L ~ 5.1. The observations are still consistent with our
analysis provided that the magnetosonic waves inside L ~ 4.2 originate from
another source that is not encountered by the localized trajectory of the Van
Allen probes. In sum, our trapping region analysis demonstrates that the wave
trapping (and therefore, the radial extent of the equatorial magnetosonic waves)

is modulated by the local density enhancements.

5.6 Summary

The important features of the propagation of equatorial magnetosonic waves in
the plasmasphere is addressed in this chapter. A simplified 2D propatation model
for the wave trajectory near the magnetic equator inside the plasmapause is an-
alyzed, and we have found that the wave trapping is an important and common
feature for the radial extent of equatorial magnetosonic waves. We have used
the Van Allen Probes EMFISIS wave data and HOPE proton flux data to in-
vestigate the instability and trapping mechanisms of magnetosonic waves in the

Earth’s plasmasphere. The EMFISIS instrument suite provides continuous high-
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resolution equatorial magnetosonic wave measurements, as well as the essential
information about the wave power spectrogram and polarization properties. The
HOPE instrument provides high-resolution particle flux measurements which are
needed for the analysis of magnetosonic wave instabilities. Using the observed
background plasma conditions and assuming near-perpendicular propagation, we
have estimated the trapping region of magnetosonic waves in the Earth’s plasma-
sphere. The simulated trapping region agrees fairly well with the in-situ observed

radial extent of the magnetosonic waves.

Our analysis on the magnetosonic wave and proton ring event on 04 December
2012 has demonstrated that the magnetosonic waves are locally excited near the
equatorial plasmapause, subsequently propagate inwards to lower L-shells, and
then become trapped over a limited radial region in the outer plasmasphere. This
scenario is consistent with magnetosonic wave local excitation mechanism and
perpendicular propagation properties in the previous studies [Chen et al., 2010;
Chen and Thorne, 2012; Ma et al., 2014a]. A similar analysis of the magnetosonic
wave event on 06 November 2012 has shown that magnetosonic waves can be ex-
cited and trapped in a localized region with enhanced density, and can therefore
be modulated by density structures in the plasmasphere. However, magnetosonic
waves observed deep inside the plasmapause may originate from a source region at
very different magnetic local time (MLT), which was not sampled along the satel-
lite orbit. The simulations on both events show that the existence of the equatorial

magnetosonic waves may be controlled by the wave trapping mechanism.

Our proposed trapping mechanism provides a reasonable explanation for most
observations of magnetosonic waves in the plasmasphere. The reconstruction of
the observed wave power spectrogram requires a full ray tracing technique [e.g.,
Xiao et al., 2012], and incorporation of the local wave excitation, damping and the
propagation effects, which are interesting future topics but are beyond the scope

of our current study. Nevertheless, using a simplified 2D wave trapping model, our
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study clearly demonstrates that the propagation and subsequent trapping in the
outer plasmasphere are important to account for magnetosonic wave observations

in the plasmasphere.

The combined effects of local excitation and subsequent propagation of equato-
rial magnetosonic waves provide complete explanation about the wave distribution
in the Earth’s inner magnetosphere. Another important topic about the magne-
tosonic wave is the scattering effects, especially the influences on the electron
distributions in the outer radiation belt. It has been found that intense magne-
tosonic waves can provide energy for electron acceleration, yet the effectiveness of
typical magnetosonic waves and the detailed influences are not clear. With the
recent survey of magnetosonic wave distributions, the electron scattering effects

due to typical magnetosonic waves will be investigated in the next chapter.
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Figure 5.1: The radial calculation of Q(¢) = 90°) = nL profile. (top) The assumed
total plasma density model with a plasmapause at L = 4.5; (middle) the refractive
index n; (bottom) the Q(» = 90°) = nL profile as a function of L-shell. The

dashed line in the bottom panel indicates the trapping region.
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Figure 5.2: The examples of ray traces with an initial azimuthal angle of ¢ = 30°
(red) and ¢ = 60° (blue) launched at L = 4.5. (top) The variations of wave
azimuthal angle as a function of L-shell when the wave propagates; (bottom) the
wave paths in the magnetic equatorial plane, showing the trapping of the waves

in a limited radial region.

105



Van Allen Probe A

10"
10

(@)
Frequency
15
FR s;)ectr
((V/m)*/Hz)

-16
10 &

_
e
5

(s°m®)

(b)
Energy

(nT¥Hz)

(©)

MS wave strength  Frequency

(d
(pT)

S
]

— T g
. 4
£ o 5 60 ~
OREE-R0 05
(9]
) 20
10' ‘ P ‘
10° ; 10 2
> S 08= =
£ = i 067 =
o 10* i e -
€ gzl it 042 =
3 ‘ il Moo £ =
10’ | 000
10°E 3 @30
o E - W25
Q r |
g -~ r TW20 =
@ £ I10E W55
2 FEVE el k!
s C EREE
10' 0
LAT 0.1 09 32
L 53 45 30
MLT 62 71 8.7
hhmm 1000 1100 1200
2012 Dec 04

Figure 5.3: Magnetosonic waves observed by Van Allen Probe A on 04 December
2012 and the instability analysis. (a) The electric field power spectral density
measured by HFR; (b) proton PSD as a function of energy for a pitch angle of
90°; (c) magnetic field power spectral density measured by WFR; (d) magnetic
wave amplitudes of magnetosonic waves; (e) magnetosonic wave normal angles;
(f) wave magnetic compressibility; (g) calculated magnetosonic wave local growth

rates. In panel (c), the white solid line and the white dashed line represent frypr

and 0.5 f g r respectively.
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Figure 5.4: Trapping region analysis of magnetosonic wave event on 04 December
2012. (a) The total plasma density; (b) magnetic field power spectral density;
(c) azimuthal propagation angle; (d) wave magnetic field power spectral density
at 43.79 Hz; (e) calculated Q(vp = 90°) = nL profile at 43.79 Hz; (f) estimated
magnetosonic wave trapping region. In panels (b) and (c), the white solid line
and the black dashed line represent fryr and 43.79 Hz respectively; In panel (e),
the red two-way arrow represents the predicted trapping region at 43.79 Hz.
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Figure 5.5: The local instability and trapping analysis of magnetosonic wave event
on 06 November 2012. (a) The total plasma density; (b) proton PSD as a function
of energy for a pitch angle of 90°; (c) magnetic field power spectral density; (d)
wave ellipticity; (e) calculated magnetosonic wave local growth rates; (f) wave
magnetic field power spectral density at 55.54 Hz; (g) calculated Q(¢ = 90°) = nL
profile at 55.54 Hz; (h) estimated magnetosonic wave trapping region. In panel (b),
the white solid line and the black dotted line represent E4 and Eg respectively;

In panel (g), the red two-way arrows represent the predicted trapping regions.
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CHAPTER 6

Electron scattering due to typical magnetosonic

waves in the inner magnetosphere

The whistler-mode electromagnetic waves interact with the encountered parti-
cles and alter their distributions in the inner magnetosphere. In the previous
chapters, we have discussed the global distribution of magnetosonic waves, the
wave excitation by ion ring distributions, and the wave propagation effects in the
plasmasphere. The general roles of equatorial magnetosonic waves on the parti-
cle distributions is another important issue for a complete illustration about the
waves in the inner magnetsphere. Therefore, a further study about the electron

scattering effects in the outer radiation belts is required.

In this chapter, we investigate the electron acceleration and their phase space
density (PSD) evolutoins due to typical magnetosonic waves in the inner mag-
netosphere. Since we are mostly interested in the general and long-term effects,
the purpose of this chapter is to study the typical electron scattering due to
statistical magnetosonic wave distributions in absence of other emissions (e.g.,
plasmaspheric hiss and chorus), rather than an event study about the particle
scattering due to intense magnetosonic waves or the additional roles of magne-
tosonic waves in aid of the hiss wave scattering in the plasmasphere and chorus
wave acceleration outside the plasmapause. We perform statistical studies about
the magnetosonic wave distributions using THEMIS and the Van Allen Probes
wave measurements during the recent years. Both surveys show similar charac-

ters on the global distributions of root-mean-square averaged wave strength. We
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also use the high resolution wave spectrogram from the Van Allen Probes to per-
form a statistical survey about the wave frequency distribution. Consistent with
the typical magnetosonic wave events, the peak frequency of magnetosonic waves
follows closely with the variation of the lower hybrid resonance frequency (frmr)
outside the plasmapause, while the correlation between the wave frequency and
frar trend is not clear in the plasmasphere. Using the statistical wave frequency
and amplitude information, we calculate the wave diffusion rates matrix with the
recently developed analytical formula, and find that the electron acceleration due
to magnetosonic waves is most effective outside the plasmapause around L = 5.
However, the time scale of the electron energization during modestly disturbed
condition is more than ten days, which is not effective for the electron dynamics
compared with the scattering due to other emissions. Using the typical wave am-
plitude during disturbed conditions, we perform the 2D Fokker-Planck simulation
to model the electron PSD evolution due to magnetosonic waves. Outside the
plasmapause, the waves causes the electron acceleration between 50° and 70° in
time scale of days, therefore forming the butterfly distribution of the electrons
between 100 keV and 1 MeV; inside the plasmapause, the electron acceleration
effect is weak due to the scattering in much narrower pitch angle bands. Our
study suggests that intense magnetosonic waves may cause the butterfly distribu-
tion of radiation belt electrons especially outside the plasmapsue, but in general
electron acceleration due to magnetosonic waves is not as effective as the chorus

acceleration.

This chapter is organized as the following: Section 6.1 provides an introduction
about the equatorial magnetosonic waves in the Earth’s radiation belts, and we
will focus on the particle scattering due to whistler-mode waves and the electron
acceleration due to magnetosonic waves; the new statistical study about equato-
rial magnetosonic waves is presented in Section 6.2 and Section 6.3; the electron

scattering effects due to typical magnetosonic waves is presented in Sections 6.4
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- 6.7; we summarize our results and discuss the potential roles of magnetosonic

waves in the outer radiation belts in Section 6.8.

6.1 Introduction

Fast magnetosonic waves are highly oblique whistler-mode electromagnetic emis-
sions generated between the local proton gyrofrequency (f.,) and the lower hybrid
resonance frequency (frpr) [e.g., Perraut et al., 1982; Laakso et al., 1990; San-
tolik et al., 2002; Ma et al., 2013]. The wave events are occasionally observed
when the spacecraft is within 5° near the Earth’s magnetic equator [e.g., Nemec
et al., 2005, 2006; Pokhotelov et al., 2008; Santolik et al., 2004]. Near the equato-
rial plane, the waves occur in a wide region between 2 R and 8 Rg both inside
and outside the plasmapause [e.g., Meredith et al., 2008; Ma et al., 2013]. The
magnetosonic waves are strongest near the equator, near the dayside, between 2
Rp and 8 Rp, outside the plasmapause, and during geomagnetically disturbed
conditions [e.g., Ma et al., 2013]. The ion ring distributions provide free energy
for the local excitation of magnetosonic waves when the ion ring energy is close to
the local Alfven energy, which typically occur in a wide region outside the plasma-
pause and near the outer edge of the plasmasphere [e.g., Chen et al., 2010; Ma
et al., 2014a]. The injected ion populations may account for the existence of mag-
netosonic waves especially near the dayside outside the plasmapause [e.g., Chen
et al., 2011]. Previous satellite observations also provide evidences for the propa-
gation of magnetosonic waves near the equatorial plane, and the wave trajectory
simulations have shown different characters of the wave perpendicular propaga-
tion paths in various conditions [e.g., Kasahara et al., 1994; Chen and Thorne,
2012; Ma et al., 2014b]. The plamsasphere naturally forms a trapping condition
for the magnetosonic wave propagation, and provides a reasonable explanation for

the existence and observed properties of the waves inside the plasmapause [Ma

111



et al., 2014b).

The electron dynamics in the Earth’s outer radiation belt is mainly governed
by the diffusion processes through the interactions with various plasma waves
[Kennel and Engelmann, 1966; Lyons, 1974a,b]. The ultra-low frequency (ULF)
waves caused by the disturbances in solar wind may lead to the radial diffusion
and resultant transport of energetic electrons [e.g., Cornwall, 1972; Shprits et al.,
2008a; Ozeke et al., 2014]. The high frequency electromagnetic waves may cause
the local diffusion and resultant precipitation loss or non-adiabatic acceleration of
energetic electrons [e.g., Albert, 2007; Glauert and Horne, 2005; Li et al., 2007;
Shprits et al., 2008b; Summers, 2005; Xiao et al., 2010]. The most important
plasma waves that may cause the electron local acceleration in the radiation belts
are whistler-mode chorus and magnetosonic waves. The Van Allen Probes ob-
servations and the related simulation studies have provided solid confirmations
that the whistler-mode chorus waves provide sufficient local heating of energetic
electrons in the heart of radiation belts during geomagnetic storm periods [Reeves
et al., 2013; Thorne et al., 2013a; Fennell et al., 2014; Foster et al., 2014; Li et al.,
2014b]. The electron phase space density (PSD) may increase by more than two
orders of magnitude during several hours scattering by intense chorus waves. In-
tense magnetosonic wave events are also observed by the spacecraft in the inner
magnetosphere, and have a potential role in electron accelerations [Horne et al.,

2007; Bortnik and Thorne, 2010; Li et al., 2014a).

Magnetosonic waves are known to cause the electron scattering via Landau res-
onance and transit-time scattering effects [Horne et al., 2007; Bortnik and Thorne,
2010]. During Landau resonant interactions, the electrons experience a constant
parallel electric field in the frame of moving electrons. Therefore, after gyro-
averaging the magnetosonic waves mainly causes the acceleration of electrons in
the parallel direction with respect to the background magnetic field. Landau res-

onance is most effective for hundreds keV electrons with pitch angles between 50°
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and 80°. In addition, Bortnik and Thorne [2010] have found that the streaming
electrons experience only a fraction of magnetosonic wave periods during their
bounce motions. The wave electric fields perpendicular to the background mag-
netic field in the frame of moving electrons may cause the additional scattering due
to the transit-time effects. As a consequence, magnetosonic waves cause electron
scatterings in a wider range of pitch angles than Landau resonance regime. Within
the Landau resonance regime, the test-particle simulations including transit-time
effects agree with the quasi-linear calculations. The timescale of electron acceler-
ation due to the intense magnetosonic wave event with an amplitude of ~ 218 pT

is several days [Horne et al., 2007; Bortnik and Thorne, 2010; Li et al., 2014a].

The general role of equatorial magnetosonic waves in particle scattering is
another important issue in the Earth’s radiation belt dynamics. The evaluation
of electron acceleration due to typical magnetosonic waves at different locations
and under different conditions could provide information about their potential
effects and references for inclusion of those waves in radiation belt simulations.
The equatorial spacecraft THEMIS and the Van Allen Probes provide excellent
observation about the magnetosonic wave amplitude distribution, occurrence rate,
and the wave frequency spectrum statistics. The statistical information about the
waves can be used to estimate the wave scattering rates, especially the energy
diffusion coefficients, and obtain an understanding about the averaged effects of

magnetosonic waves under typical conditions.

The main part of this chapter is organized into the observation sections and
the simulation sections. Using the Van Allen probes data, Section 6.2 presents the
global distributions of magnetosonic wave amplitudes, and Section 6.3 presents the
statistics of wave frequency spectra at different locations. Section 6.4 presents the
analytical formula for calculating the electron diffusion coefficients due to equa-
torial magnetosonic waves. The energy diffusion coefficients due to magnetosonic

waves during modestly disturbed conditions are calculated in Section 6.5. The
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electron PSD evolution due to magnetosonic waves during disturbed conditions
are simulated inside and outside the plasmapause in Section 6.6 and Section 6.7,

respectively.

6.2 Global distribution of magnetosonic waves using re-

cent Van Allen Probes data

The wave amplitude distribution is an important factor in controlling the global
scattering rates. In Chapter 3, we have performed a statistical study about
the equatorial magnetosonic wave distribution using THEMIS wave dataset from
May 2010 to November 2012. The Van Allen Probes have been launched into
the Earth’s radiation belts environment on 30 August 2012. The orbits of the
spacecraft are near equator and highly elliptical, and the spacecraft provide high-
resolution measurements about the magnetosonic wave distributions between ~

2Rp and ~ 6Rp [Mauk et al., 2013].

The background magnetic field and the wave electric and magnetic fields are
measured by the Electric and Magnetic Field Instrument Suite and Integrated
Science (EMFISIS) [Kletzing et al., 2013], using the magnetometer and the Waves
instrument respectively. The Waveform Receiver (WFR) of the Waves instrument
measures wave power spectral density from 10 Hz to 12 kHz for all the three
components of both electric field and magnetic field. The WFR also provides wave
polarization properties including wave normal angle and ellipticity, calculated by
the Singular Value Decomposition (SVD) method [Santolik et al., 2003]. The
High Frequency Receiver (HFR) of the Waves instrument measures the electric
field spectra density from 10 kHz to 400 kHz [Kletzing et al., 2013], which covers
the upper hybrid resonance frequency fygr range in the inner magnetosphere and
can therefore be used to identify the location of the spacecraft with respect to the

plasmapause.
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Figure 6.1 presents the one-day overview of magnetosonic waves observed by
Van Allen Probe A on 06 October 2012. The different panels in Figure 6.1 shows
the following: (a) the AE index; (b) wave electric field power spectral density
from HFR measurements; (c) plasmapause indicator with 0 and 1 denoting inside
and outside the plasmapause respectively; (d) wave magnetic field power spectral
density from WFR measurements; (e) wave ellipticity; and (f) wave normal angle.
The white lines in Figure 6.1b denote the lines of 2f.., f.., and 0.5f..; the white

lines in Figure 6.1d denote the lines of fryr, 0.5fLur, and fgp.

The electrostatic Electron Cyclotron Harmonic (ECH) wave activities are
clearly observed at frequencies higher than the electron gyrofrequency f.. out-
side the plasmapause by HFR in Figure 6.1b, and the intensity of ECH waves
are used to identify whether the spacecraft is in the plasmasphere or the plasma-
trough region as shown in Figure 6.1c. The equatorial magnetosonic waves are
observed between the proton gyrofrequency f., and the lower hybrid resonance
frequency frpr. Magnetosonic waves are identified as the highly oblique and
nearly linearly polarized electromagnetic emissions, and we require that the abso-
lute value of magnetosonic wave ellipticity (Figure 6.1e) to be lower than 0.2, and
the magnetosonic wave normal angle (Figure 6.1f) should be higher than 80°. Us-
ing these criteria, the magnetosonic waves are automatically selected among other
plasma waves that may co-exist in the same frequency band (e.g., hiss emissions)
in the wave power spectrogram. The magnetosonic wave amplitude is obtained

by integrating the selected magnetosonic wave magnetic power intensities.

We have surveyed the magnetosonic wave intensity using the Van Allen Probes
WFR dataset from October 2012 to November 2014. Figure 6.2 presents the global
distribution of magnetosonic wave amplitudes in the magnetic equatorial plane
between 2 R and 6 Rg. The global distributions of root-mean-square (RMS)
averaged wave amplitude are categorized by different AE* conditions, inside or

outside the plasmapause, and different magnetic latitudes (LAT). Here AE* is the

115



maximum AE value during the previous 3 hours. The sample numbers (Ny) is
shown on the right bottom panels, which shows that the two years survey provides
sufficient data coverage for the wave statistics. The white area represents the

locations with N, less than 100 counts.

Consistent with the previous THEMIS survey, the strongest magnetosonic
waves are observed between 3 Rg and 5 Rg, near the dayside, outside the plasma-
pause, near the equator, and during disturbed conditions. More uniform distribu-
tion of magnetosonic waves is observed inside the plasmapause, while the magne-
tosonic wave intensity is much higher near the dayside than the nightside outside
the plasmapause. During disturbed conditions when AE* is higher than 300 nT,
the averaged wave amplitude is between 50 and 100 pT near the dayside outside
the plasmapause, which is more intense than the waves shown in the previous
THEMIS survey. This is because that the previous THEMIS survey is performed
near the solar minimum period (May 2010 to November 2012), while the new Van
Allen Probes survey is performed closer to the solar maximum period (October
2012 to November 2014) during which more extreme events are measured under
the same criterion of AE* > 300 nT. We have also extended the THEMIS survey
towards November 2014, and the new four years THEMIS survey provides very

similar characters and RMS wave amplitudes with the Van Allen Probes survey.

We have investigated the magnetosonic wave occurrence rates for different
levels of wave amplitudes. Figure 6.3 presents the global distribution of mag-
netosonic wave occurrence rates categorized in the same format with Figure 6.2.
Strong magnetosonic waves with amplitudes higher than ~ 50 pT may potentially
cause scattering effects of radiation belt electrons. Most of the strong magne-
tosonic waves are observed between 3 Rg and 5 Rg, near the dayside, outside the
plasmapause, and near the equator. The highest occurrence rate is 30% to 50%
during all different geomagnetic conditions, implying that the strong magnetosonic

waves may occasionally have potentially significant local effects in radiation belt
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dynamics. The statistical results of the wave distribution will be used to evaluate

the global scattering effects of magnetosonic waves.

6.3 Statistics about magnetosonic wave frequency spec-

trum

The wave frequency spectrum is another important factor that determines the
wave scattering rates and the resonance energy of energetic electrons. Although
the wave frequency spectrum characters of individual magnetosonic wave event
have been investigated in the previous studies, the magnetosonic wave frequency
spectrum statistics can be used for the study of long term and general effects.
The magnetosonic wave frequency spectrum statistics can be obtained from the

Van Allen Probes wave dataset with high frequency resolutions.

Figures 6.4 and 6.5 presents the survey of time-averaged magnetosonic wave
intensity distribution as a function of L-shell and wave frequency. The wave
intensity distributions are categorized into different magnetic local time (MLT)
sectors with a MLT width of 6 h. The white solid lines in each panel denote the
lines of frur (above) and f., (below), which are estimated from a dipole magnetic
field. It is generally convenient for calculating the scattering rates by assuming a
Gaussian wave frequency spectrum. By performing a Gaussian fitting of the wave
frequency spectrum, the wave frequency with a peak wave intensity is denoted by
the black solid line, and the frequency width is denoted by the two white dashed

lines in each panel.

Consistent with the global survey of wave amplitude distributions, the most
intense magnetosonic waves are located near the noon sector, between 3 Rp and 5
Rpg, and outside the plasmapause, with a peak wave frequency between 30 Hz and
100 Hz. The wave frequency from the statistical survey also follows more closely

with the variation of fryr and f, outside the plasmapause, while this trend is
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not clear inside the plasmapause. This feature is consistent with the frequency
features of the observed wave events, and explained as a combined effect of wave
local excitation and perpendicular propagation in the previous chapters. The
wave frequency spectra at different locations are obtained by normalizing the
wave intensity spectra, and we combine the wave frequency information with the
wave amplitude distributions in Figure 6.2 to calculate the general scattering rates

due to magnetosonic waves.

6.4 Analytical formula for electron scattering due to equa-

torial magnetosonic waves

The magnetosonic waves are spatially localized near the geomagnetic equator
within ~ 2° — 3° according to the previous observations [e.g,, Nemec et al., 2005,
2006; Pokhotelov et al., 2008; Santolik et al., 2004], and Bortnik et al. [2015] have
found that the motions of electrons streaming through the magnetosonic waves
may be simplified with several reasonable assumptions: 1. the wave magnetic field
B, is confined within the geomagnetic latitude width of A\, and has a Gaussian
distribution B,, = B, eexp(—A?/A2); 2. higher harmonic resonances with har-
monic number |N| > 1 are ignored, because generally the first order cyclotron
resonance requires a resonance energy higher than ~ 10 MeV; 3. adiabatic vari-
ations of the particle’s motion are ignored because the interactions occur only in
the vicinity of the magnetic equator; 4. the background magnetic field along the
bounce trajectory of the electron is assumed as the Taylor expansion of a dipole
field strength; 5. the initial pitch angle of the electrons should be less than 80° so

that the electrons are able to travel through the wave region.

The electron’s momentum equation in the presence of the strong background
magnetic field (By) and the magnetosonic electric (E,,) and magnetic (B,,) fields

could be simplified, and Bortnik et al. [2015] have obtained the analytical formula
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for calculating the perturbations of the electron’s parallel (Ap)) and perpendicular

(Ap,) momentum as following:

Zw (w — kZHU”)Z

Apj. = ﬁA||,L(i_w) sin 7o eXP(—(U—”)zT), (6.1)

where the subscripts || and L denote the parallel and perpendicular components
respectively, z,, is the latitudinal distance of the wave confinement, 7, is the initial
wave phase angle, v is the electron velocity, w is the wave frequency, and k is the

wave vector.

The parameters A and A, are proportional to the wave amplitude B,, and
are expressed as the following:

w2 m,

A= ”,ZH

(6.2)

A= m% +moRi)J 1 (8) — w(% — meRs) T (B), (6.3)

where m, is the electron mass, e is the elementary charge, J is the Bessel function
of the first kind. The other parameters are the same as Bortnik et al. [2015] and

are repeated here for completeness of the equations:
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Ew,:c - Ew,y

R, =
? Bw,a: - Bw,y

(6.12)

where w.. is the electron gyrofrequency, and k is related with the refractive in-
dex as k = wn/c. The calculations of the wave dispersion relation and different

components of the wave electric and magnetic fields are shown in Chapter 2.

After obtaining the variations in parallel and perpendicular momentums of the
streaming electrons, the gyro-phase averaged perturbations in electron pitch angle,
energy, and total momentum can also be derived, and the results are averaged
over a bounce period (75) of the electrons to obtain the bounce averaged diffusion

coefficients.
The bounce-averaged pitch angle diffusion coefficient is expressed as:

T A2z, 2w
Daa = __(_)QGXP(_(_

_ 2 (& = Fy)®
2 B UH

. ), (6.13)

where « is the pitch angle of the electron, and A, is expressed as:

COS (v sin o
A, = A —
p p

Aj. (6.14)

The bounce-averaged energy diffusion coefficient is expressed as:

T A3 (o2 Z_w)2(w—’f||v||)2

Dpp = —
EE 2 TBE2

), (6.15)

] ] 2

where E is the energy of the electron, and Ag is expressed as:

Ap = UHAH +v Al (616)

The bounce-averaged momentum diffusion coefficient is expressed as:

m A2 2 Zu o (W — Kyuy)?
LY ( U exp( v ) 9 ), ( )
where A, is expressed as:
A, =sinaA; + cosaA. (6.18)
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The bounce-averaged mixed pitch angle-momentum diffusion coefficient is ex-

pressed as:

T ALA, 2 Zu o (W — Kyvy)?
D, = ~2afp Zwy2 _(FwN2 1]
P2 rpp )| exp( (UH) 2

). (6.19)

The calculation of the diffusion coefficients using the analytical formula has
been proven to be both computationally efficient and accurate in capturing the
important features of Landau resonance and transit-time effects due to equatorial
magnetosonic waves. We will use the analytical formula to evaluate the general

scattering effects of magnetosonic waves at different locations and under different

conditions.

6.5 Energy scattering rates due to typical magnetosonic

waves

The electron scattering efficiency are estimated using the diffusion coefficients due
to magnetosonic waves. Since the magnetosonic waves mainly causes the electron
acceleration by Landau resonance, in this section we focus on the energy diffu-
sion coefficients to estimate the time scale of the electron energization. Using
the analytical formula and the wave amplitude and frequency spectrum informa-
tion from the Van Allen Probes survey, we calculate the diffusion coefficients at
different locations and under different geomagnetic conditions. The background
magnetic field is approximated as a dipole magnetic field, and we used Sheeley’s
total plasma density model in the plasmasphere and the plasmatrough regions
[Sheeley et al., 2001]. The diffusion coefficients are drift-averaged over different
MLT sectors.

Figures 6.6 and 6.7 presents the energy diffusion coefficients at different L-
shells calculated under the modestly disturbed condition when 100 nT < AEx <
300 nT inside and outside the plasmapause, respectively. The energy diffusion

coefficients are shown as a function of electron equatorial pitch angle and energy.
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The peak profile of the diffusion coefficient is well correlated with the trend of
Landau resonance, which requires that the electron pitch angle o and velocity v
satisfying v cosa = w/kj. The major feature of the energy diffusion coefficient is
caused by Landau resonance. Transit-time effect, on the other hand, causes the

additional scattering over much broader pitch angle ranges at different energies.

The energization of electrons due to magnetosonic waves is most efficient
around L = 5 outside the plasmapause. Inside the plasmapause, the RMS av-
eraged wave amplitudes are weaker, and the scattering occurs over a much nar-
rower pitch angle range than outside the plasmapause. In general, as the ratio
fpe/ fee increases, the magnetosonic waves may cause electron scattering at higher
and narrower pitch angle ranges. The electrons over the pitch angle range of 50°
to 80° and energy range of 10 keV to 1 MeV may be accelerated via Landau
resonance. The highest energy diffusion coefficient corresponds to an accelera-
tion time scale of tens of days, which is slower than the electron energization by

whistler-mode chorus waves under the similar conditions.

6.6 Electron PSD evolutions due to magnetosonic waves

outside the plasmapause

The magnetosonic waves may cause different electron PSD distributions from
the influences by whistler-mode chorus waves. The butterfly distribution of the
hundreds of keV electrons has been observed in the slot region and inner radiation
belt by the Van Allen Probes recently, and scattering by intense magnetosonic
waves is a reasonable candidate for the formation of the observed pitch angle
distribution. In this section, we will investigate the characters of electron PSD

distribution under the influence of magentosonic waves outside the plasmapause.

We have calculated the pitch angle, momentum, and mixed pitch angle-momentum

diffusion coefficients as a function of pitch angle and energy at L = 4.5 outside the
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plasmapause as shown in Figure 6.8. The wave amplitudes are assumed to be 75
pT on the dayside MLT sectors and 25 p'T on the nightside, which is equivalent to
the RMS averaged wave distributions during disturbed conditions. Because Lan-
dau resonance causes the electron acceleration along v direction, the increase in
electron energy corresponds to the decrease in electron pitch angle, and the major
part of D,,, is negative. The pitch angle diffusion coefficients are less than 107 s~*
at pitch angles less than ~ 25° at different energies, therefore the magnetosonic

waves cannot cause electron precipitation in the Earth’s radiation belts.

We simulate the electron evolution by numerically solving the following 2D
Fokker-Planck equation using the Alternative Directional Implicit (ADI) method
[Xiao et al., 2009]:

W = S emaceagalSsnacosa(Du) 3
* 5 Siia COSM%(S(@) sin o cos a(Dap>g—£)
b Dm) 3
D) (620

where f is the electron PSD, t is time, and S(«) is a function related to the bounce
period and in a dipole field it can be approximated by S(«) = 1.38 — 0.32sin« —
0.32v/sin « [Lenchek et al., 1961].

The lower and higher energy boundary condition are set as constants at en-
ergies of 10 keV and 10 MeV respectively. f(a < ape) = 0 is assumed at differ-
ent energies to simulate an empty loss cone, where ar¢ is maximum equatorial
pitch angle within the loss cone. At the higher pitch angle boundary, we assume

of

——|a=0> = 0 following the previous studies.

Ja

For simplicity, the initial PSD distribution of the electrons are modeled using

a kappa distribution with the kappa index x = 6 following the study by Xiao et al.
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[2008]:
b

02)*““) sin (6.21)
K

fla,p) =1+

where 6 is the effective thermal parameter scaled by the electron rest-mass and is

set as #2 = 0.15. The PSD values are normalized and do not contain units.

Figure 6.9 presents the four day simulation of the electron PSD evolution at
L = 4.5 by magnetosonic waves under disturbed conditions. The PSD at different
energies are shown as a function of electron equatorial pitch angle. The scattering
effects of magnetosonic waves are small in a time scale of several hours. However,
the electron PSD at pitch angles between 50° and 80° increases and the PSD at
higher pitch angles decreases after several days, forming the butterfly distributions
at energies of hundreds of keV. It is worth noting that the analytical formula for
diffusion coefficients calculations may be not valid at extremely high pitch angles
due to the assumptions, therefore the lack of magnetosonic wave scattering near
90° may be not valid. The magnetosonic waves can scatter the electrons with a
extremely high pitch angles by bounce resonance interactions [e.g., Maldonado
and Chen, 2014; Shprits and Schulz, 2014], but that is out of the scope of our
current study. The simulation demonstrates that intense magnetosonic waves may
be an important factor for the formation of the observed butterfly distribution of
energetic electrons in absent of other wave effects. A careful examination on the
electron evolution shows that the electron PSD increase occurs earlier at higher
pitch angles, and the particles are subsequently transported from higher pitch
angles and lower energies towards lower pitch angles and higher energies. The
PSD evolution character is consistent with the scenario of electron acceleration by

Landau resonance, which mainly increases the parallel velocity of the electrons.
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6.7 Electron PSD evolutions due to magnetosonic waves

inside the plasmapause

For the completeness of the electron scattering evaluations, we also perform a simi-
lar analysis and simulation for the electron PSD evolution inside the plasmapause,
although the effects of magnetosonic waves are expected to be weaker than outside
the plasmapause. For comparison with the simulations outside the plasmapause,
we perform the simulation at L = 4.5, and choose the wave amplitudes as 75 pT
near the dayside and 25 pT near the nightside. The total plasma density is calcu-
lated using Sheeley’s density model in the plasmasphere [Sheeley et al., 2001]. The
other model parameters and simulation inputs are the same as the parameters in

Section 6.6.

The pitch angle, momentum, and mixed pitch angle-momentum diffusion co-
efficients are presented as a function of electron equatorial pitch angle and energy
Figure 6.10. The electron scattering is limited within a narrower and higher pitch
angle range inside the plasmapause due to the higher ratio of f,./ f.., although the
peak diffusion rates are higher than the scattering outside the plasmapause. The
pitch angle scattering rates become extremely weak at pitch angles below ~ 30°,
indicating that the magnetosonic waves cannot cause precipitation loss of ener-
getic electrons. The major energy band of effective Landau resonance is slightly
lower than the energy band outside the plasmapause, but is also located within
the 10 keV - 1 MeV energy range. Figure 6.11 presents the electron PSD distribu-
tion evolution in the same format as Figure 6.9. Because the electron energization
is only effective within a narrow pitch angle band, the electron PSD distribution
is only slightly scattered in a time scale of four days. The magnetosonic waves
cannot effectively transport electrons from lower energies and higher pitch angles
towards higher energies and lower pitch angles. The energization of electrons by

RMS averaged magnetosonic waves is inefficient in the plasmasphere.
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6.8 Summary

The electron scattering effects due to typical magnetosonic waves in the Earth’s
radiation belts are analyzed in this chapter. Using the recent Van Allen Probes
wave data products, we have performed a new statistical study about the global
distribution of magnetosonic waves in the Earth’s inner magnetosphere. The two
years survey of wave frequency spectra is also obtained from the Van Allen Probes
statistics. The analytical formula for electron scattering analysis provide a time
efficient and accurate means to evaluate the scattering rates due to Landau reso-
nance and transit-time effects of magnetosonic waves. The diffusion rates matrix
of magnetosonic waves at different locations and under different conditions are cal-
culated, and the simulations of the electron PSD evolution during the interactions

with magnetosonic waves are performed inside and outside the plasmapause.

Our studies are summarized into the following points. (1) The global dis-
tribution of magnetosonic waves based on the Van Allen Probes survey shows
similar characters with the previous THEMIS survey, but the wave intensities are
higher during the recent two years than the period 2010 - 2012. (2) The wave
frequency spectrum statistics present different properties between outside and in-
side the plasmapause, and the wave frequency spectra more closely follow the
radial variation of fryg outside the plasmapause. (3) The magnetosonic waves
mainly scatter electrons via Landau resonance, and the transit-time effects cause
additional electron scatterings in much broader pitch angle ranges. (4) During
modestly disturbed conditions, the magnetosonic waves can cause electron accel-
eration in hundreds of keV energy range in a time scale of tens of days, which is
not as efficient as whistler-mode chorus waves. (5) During disturbed conditions,
the RMS averaged magnetosonic waves may cause the butterfly distributions of
the energetic electrons outside the plasmapause in a time scale of several days. (6)

The electrons are mainly accelerated via Landau resonance, therefore the lower
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energy and higher pitch angle electron populations are transported into higher
energy and lower pitch angle regime during the interactions with magnetosonic
waves. (7) The magnetosonic waves cannot cause the precipitation of energetic
electrons. (8) In general, the electron acceleration due to magnetosonic waves are

inefficient compared with the electron heating by whistler-mode chorus.

Our simulations show that the intense magnetosonic waves may potentially
account for the formation of butterfly distribution of hundreds keV electrons in
the inner magnetosphere. Extremely strong magnetosonic wave events with an
amplitude of several nT are occasionally detected by the recent spacecraft in the
Earth’s radiation belts [e.g., Zhou et al., 2014]. The extremely strong magne-
tosonic waves are expected to efficiently cause the electron acceleration and form
the butterfly distribution in a short time scale of several minutes to hours. Magne-
tosonic waves can also interact with energetic protons in the inner magnetosphere.
The magnetosonic waves are excited by the proton ion ring distributions, and the
waves may also cause the energy diffusion of the protons, which results in smooth-
ing the proton PSD profile and eliminating the positive gradients in proton PSD
distribution as a function of energy. Magnetosonic waves may also cause the pitch
angle scattering of the protons. The recent study by Xiao et al. [2014] shows that
the magnetosonic waves cause the precipitation loss of plasma sheet protons and
provide an explanation for the proton aurora generation. The interaction between
magnetosonic waves and protons in the radiation belts would be interesting and
will be addressed in future studies. This chapter provides information about the
roles of magnetosonic waves in the radiation belts and references for incorporating

magnetosonic waves in the future radiation belt modeling.
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Figure 6.1: The Van Allen Probes observation of magnetosonic waves on 06 Octo-
ber 2012. (a) The AE index; (b) the electric field power spectral density measured
by HFR; (c) the plasmapause indicator inferred from ECH wave intensities; (d)
the magnetic field power spectral density measured by WFR; (e) the wave ellip-
ticity; (f) the wave normal angle. The dotted, solid, and dashed lines in panel (b)
represent 2fee, fee, and 0.5 f..; the white dashed lines in panel (d) represent fyr,

0.5frur, and f.,, respectively.
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Van Allen Probes statistics of MS wave amplitudes
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Figure 6.2: The global distribution of RMS wave amplitude By, for 2 < L < 8.
The wave intensity is categorized by magnetic latitude and AE*, and shown for
locations inside (top panels) and outside (bottom panels) the plasmapause. The
sample number (Ny) is shown as smaller plots at the right bottom corner for each

panel. White area represents the region where Vg is less than 100.
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Van Allen Probes statistics of MS wave occurrence rate
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Figure 6.3: The global distribution of magnetosonic wave occurrence rate for
2 < L < 8. The wave occurrence rate is categorized by magnetic latitude and
wave amplitude range, and shown for locations inside (top panels) and outside
(bottom panels) the plasmapause. The sample number is shown as smaller plots
at the right bottom corner for each panel. White area represents the region where

Ny is less than 100.
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Figure 6.4: The survey of magnetosonic wave magnetic field power intensity inside
the plasmapause, as a function of wave frequency at different L shells and different
magnetic local time sectors. The two white solid lines represent fryr and f,,; the
black solid line represents the frequency with peak wave intensity; the two dashed

lines represent the standard derivations of the wave power.
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Figure 6.5: The survey of magnetosonic wave magnetic field power intensity out-
side the plasmapause, as a function of wave frequency at different L shells and
different magnetic local time sectors. The two white solid lines represent frygr
and f.,; the black solid line represents the frequency with peak wave intensity;

the two dashed lines represent the standard derivations of the wave power.
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Figure 6.6: The calculated energy diffusion coefficients due to magnetosonic waves

as a function of pitch angle and energy inside the plasmapause, at different L

shells from L = 3 to L = 6. The statistical wave frequency spectra and the wave

amplitudes inside the plasmapause during modestly disturbed conditions are used.

The density model is Sheeley’s density model inside the plasmapause [Sheeley

et al., 2001]. The energy diffusion coefficients are drift and bounce averaged.

133



10’ 10°

10°
107

10°

Energy (eV)

10°®

Energy (eV)

10*

10° L=40 10°

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
DEE DEE
1079 10’ 10710
_ _ 10°
> > 1o
C 2
2 & 10°
5 5
5 3 1012
10*
10° 101
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Pitch Angle (°) Pitch Angle (°)

Figure 6.7: The calculated energy diffusion coefficients due to magnetosonic waves
as a function of pitch angle and energy outside the plasmapause, at different L
shells from L = 3 to L = 6. The statistical wave frequency spectra and the
wave amplitudes outside the plasmapause during modestly disturbed conditions
are used. The density model is Sheeley’s density model outside the plasmapause

[Sheeley et al., 2001]. The energy diffusion coefficients are drift and bounce aver-

aged.
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Figure 6.8: The pitch angle, absolute values of mixed pitch angle-momentum, and
momentum diffusion coefficients as a function of pitch angle and energy calculated
at L = 4.5 outside the plasmapause during disturbed conditions. Most of the
mixed pitch angle-momentum diffusion coefficients are negative. The diffusion

coefficients are drift and bounce averaged.
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Figure 6.9: The 2D Fokker-Planck simulation of the energetic electron PSD evolu-
tion due to the interactions with magnetosonic waves during disturbed conditions
outside the plasmapause, for a period of 4 days. The electron PSD are plotted as
a function of pitch angle at different energies. The diffusion coefficients in Figure
6.8 are used. The initial electron PSD distributions are normalized and assumed

to be Kappa distribution with x = 6.
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Figure 6.10: The pitch angle, absolute values of mixed pitch angle-momentum, and
momentum diffusion coefficients as a function of pitch angle and energy calculated
at L = 4.5 inside the plasmapause during disturbed conditions. Most of the
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Figure 6.11: The 2D Fokker-Planck simulation of the energetic electron PSD evolu-
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6.10 are used. The initial electron PSD distributions are normalized and assumed

to be Kappa distribution with x = 6.
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CHAPTER 7

Summary and Future Works

7.1 Summary

In this thesis, we have performed a comprehensive study about the equatorial
magnetosonic waves in the Earth’s inner magnetosphere. The global distribution,
excitation mechanism, propagation properties, and electron scattering effects of
magnetosonic waves have been investigated both in the plasmasphere and the
plasmatrough. As the significant roles of various plasma waves in the Earth’s
radiation belts have been confirmed by both observational evidences and theory
developments, our studies provide a more complete understanding about the mag-
netosonic waves and provide references for future researches on the radiation belt

dynamics.

Chapter 1 is a brief introduction about the Earth’s inner magnetosphere, with a
focus on the important plasma wave distributions and properties, particle motions,

and the particle diffusion dynamics in the radiation belts.

In Chapter 2 we have derived the dispersion relations and polarization prop-
erties of fast magnetosonic waves. The magnetosonic waves are highly oblique
electromagnetic emissions at frequencies between the proton gyrofrequency (fe,)
and the lower hybrid resonance frequency (fryr). The waves are nearly linearly
polarized, the wave electric field perturbations are mostly longitudinal, and the
wave magnetic field perturbations are mostly compressional. The waves propagate

nearly perpendicular to the background magnetic field.
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In Chapter 3 we have performed a statistical survey about the magnetosonic
wave distributions observed by THEMIS. The oblique magnetosonic waves and
the ion differential energy flux are measured by THEMIS both inside and outside
the plasmapause. We have used THEMIS ftf wave data products from May 2010 to
November 2012 to obtain the global distribution of magnetosonic wave amplitudes
at different locations and under different conditions. The strongest magnetosonic
waves are mainly observed between 3 Rp and 5 Rpg, near the dayside, outside
the plasmapause, near the geomagnetic equator, and during disturbed conditions.
The waves inside the plasmapause present a more uniform distribution in different
L shells and magnetic local times (MLT), while the dayside magnetosonic waves
are much stronger than the nightside waves outside the plasmapause. The magne-
tosonic waves tend to present constant frequency bands inside the plasmapause,
while the wave frequency band varies with the trend of f; gz outside the plasma-
pause, which implies different properties in wave local excitation and propagation
effects. The majority of magnetosonic wave power is contained within the lower
frequency band below 0.5f.yr under different categorizations. The strong mag-
netosonic waves with wave amplitude higher than 50 pT are mostly observed near
the dayside outside the plasmapause, with an occurrence rate of ~ 30%, implying
that the magnetosonic waves may have potential roles in particle scattering in the

radiation belts.

The local excitation of magnetosonic wave by ion ring distributions in the
Earth’s inner magnetosphere is analyzed in Chapter 4. A typical magnetosonic
wave event in association with the simultaneous ion ring distributions is observed
by the THEMIS spacecraft. Outside the plasmapause, the ion ring distributions
with a peak ion energy (Fg) slightly lower than the local Alfven energy (F,)
provide free energy for the excitation of magnetosonic waves in higher and nar-
rower frequency band. Near the edge of the plasmapause boundary, the ion ring

distributions with Eg slightly higher than E,4 provide free energy for the wave
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excitation in lower and broader frequency band. Deep inside the plasmapause,
although the ion ring distribution is still present, Er is much larger than FEjy,
and the excitation of magnetosonic wave becomes extremely inefficient. In addi-
tion, the magnetosonic waves have nearly constant frequency band over a large
radial distance inside the plasmapause, indicating that the waves may originate
from a source near the plasmapause boundary. The waves are mostly excited at
highly oblique wave normal angles, and the wave growth rates and the unstable
frequency bands are dependent on the wave normal angle. The wave growth rates
also depend on the background magnetic field and the total plasmapause density.
We have also simulated the broad frequency band magnetosonic waves outside
the plasmapause with Eg slightly larger than F4. Our simulation of the wave
growth rates as a function of frequency at different locations agrees fairly well
with the observed wave power spectrum, demonstrating that the ion ring distri-
butions efficiently excite magnetosonic waves outside the plasmapause and near

the plasmapause boundary.

In Chapter 5 we have analyzed the perpendicular propagation of equatorial
magnetosonic waves, to provide an illustration of the wide existence of magne-
tosonic waves in the plasmasphere. We have studied an intense magnetosonic
wave event in association with the ion energy flux distributions observed by the
Van Allen Probes in the plasmasphere. The observed ion ring distributions pro-
vide free energy for magnetosonic wave excitation near the plasmapause boundary,
but the wave growth rates become small when the spacecraft is deeper inside the
plasmasphere with £y < Er. However, the magnetosonic waves are observed in
a much larger radial extent. Based on a simple wave perpendicular propagation
model, the magnetosonic waves may become trapped within a trapping region in
the plasmasphere, which is determined by the profile of (). We have calculated the
@ values at different wave frequencies, and confirmed the existence of a trapping

region for the wave trajectories. In addition, the calculated trapping region agrees
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fairly well with the observed radial extent of the magnetosonic waves at various
frequencies. Therefore, the waves are excited near the plasmapause boundary
in the plasmasphere, subsequently propagate in the perpendicular direction with
respect to the background magnetic field, and become trapped within a limited
radial distance. We have also analyzed the magnetosonic waves modulated by
the plasmaspheric density structures in the plasmasphere. We have demonstrated
that the magnetosonic waves are trapped by the local density structures in agree-
ment with observations. The wave trapping is an important factor in controlling

the wave distributions in the plasmasphere.

We have studied the general particle scattering effects due to statistical mag-
netosonic waves at different locations in Chapter 6. The statistical survey of the
magnetosonic waves distribution using the recent Van Allen Probes wave data
products shows similar characters with the THEMIS survey, and the strongest
magnetosonic waves have an averaged amplitude of 50 - 100 pT near the dayside
outside the plasmapause. The statistical wave frequency spectra shows different
properties between inside and outside the plasmapause. The wave diffusion coef-
ficients are evaluated using the analytical approximation of the electron’s motion
when streaming through the magnetosonic waves in the vicinity of the Earth’s
magnetic equator. The electrons are scattered by Landau resonance and transit-
time effects. The energy diffusion coefficients calculations show that the magne-
tosonic waves mainly cause the electron acceleration at pitch angles from 50° to
70°, energies of hundreds of keV, and around L = 5 outside the plasmapause.
The time scale of electron energization is tens of days during modestly disturbed
conditions, which is slower than the typical time scale of electron acceleration
due to chorus waves. We also performed a 2D Fokker-Planck simulation on the
evolution of energetic electron phase space density (PSD) distributions during
disturbed conditions for a time scale of four days. The electrons at higher pitch

angles (higher than 80°) and lower energies (~ 100keV) are accelerated into lower
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pitch angles (~ 50°) and higher energies (hundreds of keV) ranges, due to the
Landau resonance effects. The magnetosonic waves can cause the typical butter-
fly distribution of electrons in the radiation belts. The wave scattering inside the
plasmapause is much less efficient than the scattering outside the plasmapause,

because of the much narrower scattering rates as a function of pitch angle.

7.2 Future works

We will investigate other interesting features of equatorial magnetosonic waves as

our future works, with three promising projects listed in this section.

7.2.1 The rising tone structures of magnetosonic waves

The rising tone structures of fast magnetosonic waves have been recently reported
by Fu et al. [2014] using THEMIS wave data products. The authors have shown
that the magnetosonic waves have discrete wave elements with rising tone features
in both electric and magnetic power spectrograms, with a frequency sweep rate of
~ 1 Hz/s. Most of the rising tone structures are observed outside the plasmapause
in association with the ion ring distributions, and the waves generally cannot

penetrate the plasmapause boundary.

The rising tone structures of chorus waves is widely known and probably due to
the non-linear interactions with the an-isotropic electrons [e.g., Cully et al., 2011;
Tao, 2014]. The rising tone structure of magnetosonic waves is a new topic and
its formation is not clear yet. Since the fast magnetosonic waves are excited by
the ion ring distributions, and the linear wave growth simulation agrees fairly well
with the long period observations, the rising tones of magnetosonic waves may be
related to some non-linear interactions with the proton source. Another probable
source of the rising tone feature is the wave propagation effect [e.g., Boardsen

et al., 2014]. Since the wave phase speed is different for different frequency band
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magnetosonic waves, the rising tone feature may form when the waves propagate
away from the energy source. This still requires that the periodic magnetosonic
waves are generated at the source region, but the modulations in plasma density,
background magnetic field, or the ion ring distributions are generally not observed.
The theory approach and numerical simulation works would help our physical

understanding about the source of the rising tone features of magnetosonic waves.

A survey of the rising tone structures of magnetosonic waves will provide im-
portant information about the conditions and preferred locations for rising tone
generation. The rising tone structures are occasionally observed by the WFR in-
struments on-board the Van Allen Probes. Figure 7.1 shows an example of the
rising tone event. The high frequency wave measurements from HFR instrument
indicate that the spacecraft is located outside the plasmapause before 07:15 UT.
The PSD measurements show a clear ion ring distribution with a peak in PSD at
energies between 10 keV and 20 keV. The observed ion ring distribution is poten-
tially important for magnetosonic wave excitation. The rising tone magnetosonic
waves are continuously observed for more than one hour outside the plasmapause
in both wave electric field and wave magnetic field measurements. The waves are
classified as magnetosonic waves because they are highly oblique with wave normal
angles higher than 80°. With high time and frequency resolutions, the Van Allen
Probes provide ideal observation on the occurrence of the structures, and each
wave elements are clearly observed and well separated without interference. The
statistical study about the occurrence of the rising tone structures under different
conditions would be useful in studying the general features of the fine structure

magnetosonic waves.
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7.2.2 The relation between magnetosonic waves and proton distribu-

tions

We have demonstrated that the magnetosonic wave distributions are closely re-
lated to the proton distributions in Chapter 4. The magnetosnic waves are excited
by the ion ring distributions when the ion ring energy is close to the Alfven en-
ergy. Our simulations have shown that this condition is typically satisfied outside
the plasmapause or near the plasmapause boundary. However, a statistical study
about the ion ring distributions that are potentially capable of efficiently excite
magnetosonic waves would be another interesting topic. Using the particle data
from CRRES spacecraft, Meredith et al. [2008] have performed a survey of the pro-
ton ring distributions and compared with the global distribution of magnetosonic
waves. The proton rings present similar characters with the distributions of mag-
netosonic waves. However, the data coverage of CRRES spacecraft is limited,
especially near the dayside of the inner magnetosphere where the occurrence rates
of magnetosonic waves are expected to be high. The recent equatorial spacecraft
THEMIS and the Van Allen Probes are equipped with high resolution plasma
wave and particle measurement instruments. After several years of operation, the
spacecraft provide excellent coverage for a statistical study of the magnetosonic
waves and the associated particle distributions. It will be interesting to perform
a survey of the ion ring distributions, and specially focus on the ion ring distribu-
tions satisfying the condition that Eg is close to E4. The similarity between the
ion ring distributions and the magnetosonic waves will be another evidence that
the source of magnetosonic waves is closely related with the drifting of the ions
and the formation of the positive slopes in ion PSD distributions as a function of
ion energy. In addition, since the magnetosonic waves with different properties
are excited when the relation between Er and E4 varies, this study will provide
information about the magnetosonic wave frequency and other properties based

on the ion ring distributions. The statistical studies about the ion ring distribu-

145



tions will also provide the information about the occurrence of the magnetosonic
waves. Since the spacecraft measurements are generally limited especially in MLT
for the events study about the magnetosonic waves, using the simulated ring cur-
rent distributions and the empirical relation between the ion ring distributions
and the magnetosonic waves from the statistical surveys, the global distribution
of magnetosonic waves can be inferred during specific wave events. The recon-
structed global distribution of magnetosonic waves is useful for the simulations in

the radiation belt dynamics.

The electron scattering effects of magnetosonic waves are investigated in Chap-
ter 5. Our studies have shown that the electron scattering due to magnetosonic
waves are slower than other plasma wave emissions (e.g., whistler-mode chorus).
However, the magnetosonic waves may efficiently interact with the proton distri-
butions. The general effects of the magnetosonic waves on the energetic proton
distributions are not clear yet and are important in the dynamics of the Earth’s
inner magnetosphere. The positive slopes in proton PSD distribution provide free
energy for the excitation of magnetosonic waves; as a consequence, the positive
gradients are expected to become flat and the normal Maxwellian or Kappa dis-
tributions are expected to form. Therefore, after being excited, the magnetosonic
waves are expected to interact with the proton ring distributions and lead to
the smoothing of the proton PSD profile. Xiao et al. [2014] have performed a
simulation about the evolution of low energy plasma sheet proton distributions
in the presence of magnetosonic waves. The several keV protons are effectively
scattered into the loss cone and precipitate towards the Earth’s atmosphere. In
the meanwhile, the dayside proton aurora phenomena are observed on the Earth,
demonstrating that the observed proton aurora are generated by the dayside mag-
netosonic waves. It would be interesting to investigate the relation between the
occurrences of the ground observed proton aurora and the in-situ observed mag-

netosonic waves. In addition, the authors have also shown that the magnetosonic
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waves cause the an-isotropic distributions of the protons in a short time scale.
This may provide a source for EMIC wave generations [e.g., Chen et al., 2009a,b].
The simulation of those processes would demonstrate the efficient energy trans-
fers through the proton distributions and various plasma waves. Finally, a general
study about the proton scattering effects due to magnetosonic waves using the sta-
tistical distributions would be significant in simulating the proton dynamics in the

radiation belts.

7.2.3 The additional electron scattering effects due to magnetosonic

waves in presence of other plasma waves

Although the electron acceleration due to statistically averaged magnetosonic
waves are weaker than the whistler-mode chorus waves, the magnetosonic waves
still have potentially important effects in altering the electron distributions in
addition to the scattering by other plasma wave modes. Extremely strong mag-
netosonic waves with peak amplitudes of several nT are observed by the recent
spacecraft [e.g., Zhou et al., 2014]. Based on the simulation results shown in
Chapter 6, the extremely strong magnetosonic waves are expected to cause the
butterfly distributions of hundreds keV electrons in a short time scale. The but-
terfly distribution properties of energetic electrons are also observed in the slot
region of the Earth’s radiation belts [Zhao et al., 2014]. The confirmation of the
existence of magnetosonic waves and the simulation of the electron PSD distribu-
tions will confirm that the observed butterfly distributions are due to the Landau

resonance by magnetosonic waves.

Whistler-mode chorus, plasmaspheric hiss, magnetosonic waves, and EMIC
waves cause the formation of different pitch angle distributions of electrons. There-
fore, magnetosonic waves may cause the additional scattering of electrons at some
pitch angle and energy ranges where the scattering by other plasma waves are

not efficient. Magnetosonic waves may cause the scattering of nearly equatori-
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ally mirroring electrons via bounce resonances [Shprits, 2009; Shprits and Schulz,
2014; Maldonado and Chen, 2014]. In addition to the hiss wave scattering, the
scattering at 90° pitch angle would remove the equatorially mirroring electrons,
reducing the typical bottle neck distributions due to plasmaspheric hiss [Ni et al.,
2013, 2014]. It is worth noting that the magnetosonic waves are also observed
at frequencies below f,,. Although the magnetosonic waves cannot propagate at
frequencies higher than f7yr, the waves are occasionally observed to cross the fre-
quency of local f., as the waves propagate towards the Earth in the plasmasphere.
The scattering of electrons due to the highly oblique wave power below f, is not
investigated yet. We plan to perform event studies about the interactions between

electrons and intense magnetosonic waves under the above circumstances.
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Figure 7.1: The rising tone structures of magnetosonic waves observed by the Van

Allen Probes on 30 October 2012.

(a) The wave electric intensity spectrogram

measured by HFR; (b) the proton PSD as a function of energy at a pitch angle

of 90°; (c) the wave electric field power spectral density measured by WER; (d)

the wave magnetic field power spectral density measured by WFR; (e) wave nor-

mal angle. The dashed lines in panels (c¢) and (d) represent frpr and 0.5fLmr,

respectively.
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