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PREFACE
Low‐frequency waves in space plasmas have been
studied for many decades, and our knowledge gain has
been incremental with several paradigm‐changing leaps
forward. In our solar system, such waves occur in the
ionospheres and magnetospheres of planets (Earth,
Mercury, Jupiter, Saturn, etc.) and around our Moon.
They occur in the solar wind, and more recently, they
have been confirmed in the Sun’s atmosphere as well.
For the purpose of this book, we define the range of
low‐frequency waves to lie between 1 mHz and 30 kHz,
thus including ULF, ELF, and VLF waves.
Recently, there has been an abundance of new wave observations from spacecraft missions, such as MESSENGER,
Geotail, Cluster, THEMIS, ARTEMIS, Van Allen Probes,
Galileo, STEREO, CHAMPS, New Horizons, Cassini,
TRACE, Hinode, SDO—to name a few. On the ground,
magnetometer arrays and radar networks have expanded to
detect low‐frequency signals on a global scale with high
timing accuracy. In addition, there have been tremendous
advances in the capabilities of simulations to allow modeling many of the relevant processes.
This monograph reviews recent advances of wave
research in various space plasmas of our solar system,
addressing various aspects of wave physics. The main objective is to give a concise and authoritative up‐to‐date look
on where wave research stands: What do we know? What
have we learned in the last decade? What are unanswered
questions?
The book is organized into ten sections, each representing a specific region in the solar system. The thread of the
ten sections begins with waves at Earth’s ionosphere and

 rogresses outward to various regions of Earth’s magnep
tosphere. Then, beyond geospace, waves in the solar
wind, at the Moon, and at other planets’ magnetospheres
are reviewed. The book finishes with waves in the Sun’s
atmosphere. Below we list the many reviewers who helped
in assuring that each chapter is of highest quality.
While in the past waves in different astrophysical plasmas have been largely treated in separate books, the unique
feature of this monograph is that it covers waves occurring
in many plasma regions of our solar system. As a result
this book should appeal to a broad community of space
scientists, and it should also be of interest to astronomers/
astrophysicists who are studying space plasmas beyond
our solar system.
Last, we note that many of the chapters are born out of
presentations given at the Chapman conference on “Low‐
Frequency Waves in Space Plasmas,” held on Jeju Island,
Republic of Korea, during the first week of September
2014, with an attendance of about 120 scientists. At the
conference, the breadth of topics covered stimulated
cross‐disciplinary discussions among scientists specializing in all aspects of wave physics.
Andreas Keiling
University of California at Berkeley, USA
Dong‐Hun Lee
Kyung Hee University, Republic of Korea
Valery Nakariakov
University of Warwick, UK
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Section I
Ionosphere

1
Energetic Particle‐Driven ULF Waves in the Ionosphere
T. K. Yeoman,1 M. K. James,1 D. Yu. Klimushkin,2 and P. N. Mager2

1.1. INTRODUCTION

Low‐m (toroidal) waves are generally thought to have
their energy source external to the 
magnetosphere.
High‐m (poloidal) events usually have a different generation mechanism to the low‐m events, where the energy
source is thought to be from energetic particle populations
within the magnetosphere, which may be transferred
from the particles into the wave within the collisionless
magnetosphere via wave–particle interactions. The energetic particle populations generating high‐m waves enter
the inner dipolar magnetosphere from the magnetotail,
whereupon they gradient‐
curvature drift around the
planet, forming part of the global ring current.
Both toroidal and poloidal ULF waves are changed as
they pass from the magnetosphere through the ionosphere, where they undergo rotation and attenuation. It
is assumed that on passage through the conducting, vertically stratified ionosphere above the insulating atmosphere, the Alfvén wave will rotate 90°. Thereupon the
azimuthal magnetic field component in the magnetosphere is detected on the ground as a north–south magnetic field perturbation [Hughes and Southwood, 1976].
The attenuation that occurs is proportional to e k z ,
where |k| is the field‐perpendicular value of the wavenumber and z is the E‐region height. The greater the
attenuation is, the smaller is the field‐perpendicular scale
size of the wave.
Consequently high‐m poloidal waves become much
more attenuated in ground magnetometer data than
low‐m toroidal waves. For this reason ionospheric radar
systems have been effective in the study of high‐m poloidal waves driven by energetic particle populations within

Ionospheric radar systems have proved to be a powerful tool for the investigation of magnetospheric ULF
waves. Because of their multipoint remote sensing capability, they are suitable for tracking waves with periods in
the Pc3–5 bands (frequencies of 100–2 mHz). The high
spatial resolutions (typically 15–45 km) they produce of
the wave ionospheric electric field have provided direct
information as to the ionospheric boundary conditions
determined by the ionospheric Pedersen conductivity,
rather than being sensitive to the ionospheric Hall currents which provide the magnetic field signature most
commonly measured by ground magnetometer systems.
Magnetospheric ULF waves are generally classified into
one of two types, depending on whether their polarization is predominantly toroidal or poloidal. Toroidal
waves are those in which the magnetic field oscillates in
the azimuthal direction and are characterized by low
effective azimuthal wave numbers (m), or equivalently by
large azimuthal scale sizes. Conversely, poloidal waves
oscillate with a magnetic field in the meridional direction
with high m numbers (a smaller a zimuthal scale size).
Both toroidal and poloidal ULFwaves propagate as
Alfvén standing waves between the two conjugate endpoints of the magnetic field at the Earth’s ionosphere.

Department of Physics and Astronomy, University of
Leicester, Leicester, UK
2
Institute of Solar‐Terrestrial Physics SB RAS, Irkutsk, Russia
1
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4 Low-Frequency Waves in Space Plasmas

the magnetosphere, and it is this class of ULF waves that
will be discussed in this chapter. These ULF waves are
implicated in the energization (e.g., O’Brien et al. [2003])
and decay (e.g., Baddeley et al. [2004]) of radiation belt
particles, which is an area of considerable current
research interest. The frequency, polarization, and azimuthal structure of the waves are key elements in controlling this energy exchange [Elkington, 2006], and hence
ionospheric observations of high‐m ULF waves have an
important role to play in furthering our understanding
of the wave characteristics, and their role in radiation
belt physics.
In order for a high‐m, poloidal wave to be generated,
two conditions must be satisfied. First, there must be a
source of free energy for wave growth within the particle
population, and second, the spatial and temporal evolution of the waves and the particles must match via a resonance condition, such that the free energy has an
opportunity to transfer from the particles to the waves.
The usual free energy condition is one that requires that
the particle distribution function, f, increases with particle energy, W,
df
dW

dL f
dW L

f
W

0,

(1.1)

(e.g., Southwood and Hughes [1983], Mann and Chisham
[2000]), where L is the L‐shell under consideration. Thus
instability can occur if there is a sufficiently large spatial
gradient ( f / L ) in the distribution, or if a population
inversion occurs at some point in the distribution
( f / W 0 ), usually referred to as a non‐Maxwellian or
bump‐on‐tail distribution [Southwood et al., 1969].
The resonance condition, which is also required to be
met for effective energy transfer from the particles to the
wave, is given by
wave

mwave

d

N

b

,

(1.2)

where ωwave, ωb, and ωd are the angular frequencies of the
wave, the proton bounce, and the proton azimuthal
drift, respectively [Southwood et al., 1969]. In drift‐
bounce resonance N is an integer (usually 1). Where
the particle bounce is not required for the resonance
condition, Equation (1.2) reduces to the N 0, drift
resonance case,
wave

mwave

d

(1.3)

An early confirmation of these ideas came from Hughes
et al. [1978], who were able to use the ATS6 geostationary
spacecraft to measure both the wave field and a population inversion in the driving particle population for a
wave attributed to the drift‐bounce mechanism. More

recently, convincing evidence of a drift-bounce resonance
wave and its driving particle population were presented
by Liu et al. [2013], based on THEMIS particle and field
data. However, to this day such datasets have proved to
be rare and elusive, and a variety of techniques have had
to be harnessed to progress our understanding of wave–
particle interactions in the magnetosphere.
While many of the characteristics of high‐m ULF
waves can be explained by the drift resonance conditions
defined in Equations (1.2) and (1.3), these equations do
not offer an explanation of the latitudinal phase structure. The latitudinal phase structure is likely determined
by the particle distributions driving the waves, and ionospheric observations have revealed a wide variety of such
structures.
Mager and Klimushkin [2008] and Mager et al. [2009]
have suggested the possible role of the radial structure of
a cloud of injected energetic particles driving a high‐m
wave in determining the latitudinal phase structure of the
wave. Mager et al. [2009] considered waves of form eimφ
where φ is the azimuthal angle. Assuming the local field
line eigenfrequency is ω(x) where x is the radial coordinate, and that the wave source is a local inhomogeneity
resulting from particle injection drifting at speed ωd(x),
producing a nonsteady current j(t), Mager et al. [2009]
showed that the wave phase is then given by
x

x t
d

x

(1.4)

An example of the phase evolution determined by
Mager et al. [2009] is illustrated in the x
plane in
Figure 1.1. If the particle drift velocity grows with the
radial coordinate, x, then the particle cloud is stretched
into a spiral in the equatorial plane. Near the source the
phase follows the source closely. The variation of the particle drift with x may then result in an inwards phase
motion (a negative wavevector kx), which will manifest
itself as an equatorward phase motion in the ionosphere.
This equatorward phase motion would reverse to poleward (a positive wavevector kx) at a later time further
from the source as the natural frequency of the field lines
becomes important. This transition is marked in
Figure 1.1 by the line kx 0. A particle drift velocity
decreasing with radial coordinate would show poleward
phase propagation throughout. Such features in the latitudinal phase structure of high‐m waves have been
observed and are discussed in later sections. The wave
features predicted by such a moving source are not in
conflict with the drift and drift‐bounce mechanisms outlined above, as any wave event generated by a moving
particle cloud source may be enhanced and sustained by
these energy sources.
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kX = 0
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ϕ

Figure 1.1 Lines of constant phase for a wave driven by a localized cloud of westward‐drifting protons whose
drift velocity increases with the radial coordinate x. From Mager et al. [2009].

1.2. EARLY RADAR OBSERVATIONS
The first opportunities for ionospheric observations of
high‐m ULF waves in the ionosphere came with the development of coherent scatter radars. Early oscillations associated with ULF waves were reported in the 1960s (e.g.,
Keys [1965]), but the development of very high frequency
(VHF) coherent scatter radars such as the Scandinavian
Twin Auroral Radar Experiment (STARE; Greenwald et al.
[1978]) and the Sweden and Britain Radar experiment
(SABRE; Nielsen et al. [1983]) provided major new datasets that transformed our knowledge of these phenomena.
Early results from the STARE system [Walker et al., 1979]
focused on low‐m waves where ground‐based magnetometer data were also available, and provided important confirmation of the field line resonance theory of Southwood
[1974] and Chen and Hasegawa [1974], showing a clear
ampliude maximum coincident with a 180 poleward
phase change in latitude. However observations of high‐m
ULF waves followed shortly after, and a new class of ULF
waves, termed “storm‐time” Pc5 waves were discovered
[Allan et al., 1982, 1983a, b; Walker et al., 1982]. These
waves were identified as compressional waves of high m
number (m –20 to –80) with periods in the Pc5 range
(200–400 s), predominantly observed in the dusk sector of
the ionosphere during disturbed magnetic conditions. The
ionospheric wave electric fields were small and linearly
polarized, with similar magnitudes in the north–south
and east–west components. In contrast to the low‐m wave
observations of Walker et al. [1979], little phase variation
in latitude was observed. The waves were attributed to the
drift‐resonance source mechanism described by Equation
(1.3), with the responsible particle population being westward‐drifting protons of energy 20–80 keV, and were the
first radar observations of waves not attributed to a driving mechanism external to the Earth’s magnetosphere.

At a similar time another population of waves with
unusual latitudinal phase variation were observed by
the SABRE radar [Waldock et al., 1983], an example
of which is reproduced here in Figure 1.2. In this case an
equatorward phase propagation was seen, and again the
wave events were associated with the dusk sector.
Subsequent analysis of the occurrence statistics of these
waves by Tian et al. [1991] led to the conclusion that they
were associated with the plasmapause, as they occurred at
a local time when the plasmapause lay within the radar
field of view. However, similar observations from the
higher latitude Bistatic Auroral Radar System (BARS;
McNamara et al. [1983]) eliminated that possibility [Grant
et al., 1992]. These higher latitude waves exhibited equatorward phase propagation like the SABRE observations,
but at latitudes significantly higher than the expected
plasmapause position. Analysis of their azimuthal structure revealed azimuthal wavenumbers with magnitudes in
the range 45–60, suggesting a similar generation mechanism to the STARE storm-time Pc5 events. Invoking a
similar drift resonance generation mechanism then suggested that somewhat lower energy protons ( 20 keV)
were involved than those driving the STARE observations, with the BARS observations being at higher
latitudes. Further analysis of the SABRE results [Yeoman
et al., 1992] provided a detailed analysis of the meridional and longitudinal phase propagation of the events.
Figure 1.3 presents an example of the spatial structure
of the east–west and north–south horizontal velocity
components of a wave event observed by the combined
fields‐of‐view of the two overlapping SABRE radars.
The Fourier phase of the peak Fourier component (a frequency of 1.7 mHz) for a wave event observed between
1530 and 1600 UT on day 48, 1985 is presented on a
26 26 geographic grid. The spatial variation of the
Fourier phase reveals a westwards phase propagation in
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Figure 1.2 Equatorward‐moving bands observed in a SABRE range–time–intensity plot. From Tian et al. [1991].
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Figure 1.3 Spatial variation of the peak Fourier component at 1.7 mHz frequency of the SABRE East–West and
North–South horizontal velocity component for day 48, 1985; 30 minutes of data are processed starting at 1530
UT. From Yeoman et al. [1992].

geographic latitude in both the north–south and east–
west velocity components, corresponding to an effective
azimuthal wavenumber, m, of magnitude between 30
and 40. An equatorward propagation is seen in latitude,
and this phase change often exceeded 180. Such signatures in the radar data were demonstrated to often have
no significant corresponding signature in ground magnetometer data. Yeoman et al. [1992] suggested that the
same drift resonance mechanism proposed by Grant et al.
[1992] could also be a source for these lower latitude
equatorward propagating Pc5 observations, but with particles of similar energies to the earlier STARE storm‐time
Pc5 results being invoked.
1.3. SUPERDARN OBSERVATIONS
More recent ionospheric observations of high‐m ULF
waves have taken advantage of the Super Dual Auroral
Radar Network (SuperDARN). SuperDARN is a global
array of high‐frequency (HF) radars. The use of HF frequencies allows radio propagation beyond the horizon,
greatly extending the capabilities of the systems compared

to the VHF radar systems used in the studies described in
Section 1.2. Full details of SuperDARN are given in
Greenwald et al. [1995] and Chisham et al. [2007]. Whilst
the radars’ design is focused on measuring the global ionospheric convection pattern at a 1 or 2 min cadence, lower
frequency ULF waves may be investigated with the standard data products, and a variety of novel scan modes and
operations have been devised to allow the study of higher
frequency wave regimes. For example, the addition of a
second receive channel to some SuperDARN radars
allows for so‐called stereo operations [Lester et al., 2004],
where a single or a small number of beams can be sampled
on channel B of the radar receivers independently of the
main 16 beam scan sampled simultaneously in channel A,
in order to improve the temporal resolution of the radars.
The first results on the observation of high‐m ULF
waves with SuperDARN were performed by Fenrich et al.
[1995]. They noted many common characteristics between
low and high‐m waves, including the wave frequencies
and their local time occurrence statistics. High‐m waves
were noted to generally have an equatorward phase propagation, in contrast to the poleward‐propagating low‐m
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events, but their similarities to the low‐m waves led to
the conclusion that wave–particle interactions could
not 
provide the sole explanation for their occurrence
characteristics, although they were likely to be involved in
the amplification of the observed wave signatures. These
ideas were developed by Fenrich and Samson [1997],
where a possible explanation for the e quatorward phase
propagation was included. It was suggested that the latitudinal phase could be reversed in cases where the wave
growth via wave–particle interactions exceeded the wave
dissipation through the ionosphere, such that the overall
Poynting flux was directed outward from the resonance
location rather than inward, toward the resonance
location.
Following these early SuperDARN studies, the use of
active radar techniques, where high‐power radiowave
transmissions are used to generate backscatter in the
SuperDARN radar fields of view, were extensively used
over the next few years for the investigation of high‐m
ULF waves, and these were summarized in Yeoman et al.
[2006]. More recent results from SuperDARN have provided a wealth of new information on the wave events
observed with equatorward phase propagation, as
discussed above and in Section 1.2. Yeoman et al. [2008]
presented data for a high‐m wave with an equatorward
phase propagation, a period of 300 s and m –60, that
was observed at very high latitude ( L 15 ) over Svalbard
during an interval when the open‐closed field line boundary had retreated poleward of the high‐latitude location.
A drift–resonance source in 15 keV protons was inferred,
with the high‐latitude location shown to preclude the
trapping of protons with population inversions at higher
energies but to be able to sustain such populations at
these lower energies on occasion.
Yeoman et al. [2010] presented a case study of another
event observed by the SuperDARN radars at Hankasalmi,
Finland, and Þykkvibær, Iceland. The event was associated with a substorm expansion phase, which was
detected with the FUV instrument [Mende et al., 2000a,
b] on the IMAGE spacecraft. Figure 1.4 shows the fields‐
of‐view and data coverage from the SuperDARN radar
channel A data, along with three images from the FUV
instrument, all in magnetic latitude–magnetic local time
coordinates during substorm onset at 2337 UT on 21
March 2002. For this event, the substorm onset occurred
within the radar fields of view, with the auroral signature
then expanding poleward and westward over the radars.
ULF wave observations during the interval are sampled
on channel B. These are presented in Figure 1.5, with
the Hankasalmi data from a meridional beam (beam 9)
presented in Figure 1.5a and the Þykkvibær data in
Figure 1.5b. Figure 1.5a clearly shows the equatorward
phase propagation of the observed wave. Figure 1.5b
shows little phase evolution in the poleward‐ and westward‐
oriented beam 5 data from Þykkvibær. Analysis of the

wave characteristics showed that this resulted from the
combination of the equatorward propagation seen in
Figure 1.5a ( 62 per degree of latitude), and an eastward longitudinal phase propagation corresponding to
an azimuthal wave number of m 13. Yeoman et al. [2010]
interpreted these data as implying a wave source in drifting 33 keV particles, with the eastward propagation
implying that electrons were the source, rather than protons. Free energy should be available on occasion in the
electron populations when the conditions in Equations
(1.1) and (1.3) are met for electrons, although in the case
of electrons the much more rapid electron bounce period
would preclude solutions for conditions other than N 0
in Equation (1.2). The equatorward propagation of the
observed wave was explained in terms of a development
of the Alfvén ship wave theory elaborated by Mager and
Klimushkin [2008] and Mager et al. [2009].
The case study reported above suggested that both
westward‐drifting protons and eastward‐drifting electrons could drive high‐m waves. The relatively modest m
value of 13 was suggested to be a result of the close proximity of the wave observations to the substorm onset,
where higher energy particles might be available for wave
growth. Both these predictions were subsequently tested
in a statistical study of similar wave types undertaken by
James et al. [2013]. In this study 83 similar wave events
that were associated with substorm expansion phase
onsets identified from IMAGE were analyzed, and their
frequencies, latitudinal and longitudinal phase evolution,
and proximity to the location of the substorm determined. Figure 1.6 summarizes the findings of the paper.
The x‐axis of Figure 1.6 shows the longitudinal separation of the substorm onsets and the wave observations.
The y‐axis illustrates the driving particle energies derived
from the wave characteristics, assuming a simple expression for particle drift [Yeoman and Wright, 2001] and
using Equation (1.3). Westward‐drifting particles are
inferred for waves west of the substorm onset, and eastward‐drifting particles for waves east of the substorm. In
both cases, the energy of the particles decreases as the
longitudinal separation increases, with the reduced longitudinal drift speed of the lower energy particles implying
an increased azimuthal wave number in Equation (1.3).
This situation is illustrated schematically in Figure 1.7.
Earlier spacecraft observations of similar high‐ m wave
events presented by Takahashi et al. [1990] also saw westward azimuthal phase propagation in the dusk sector and
eastward phase propagation in the dawn sector, although
the waves were not directly correlated with substorm
onset locations. In this case the eastward propagation was
interpreted as being the result of the Doppler shift
imposed by the eastward E B drift in the dawn sector,
with westward phase propagation being the case in both
sectors in the plasma rest frame. In the case of Takahashi
et al. [1990] considerably larger phase shifts and higher
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Figure 1.4 Fields‐of‐view and data coverage from channel A of the SuperDARN radars at (a) Hankasalmi, Finland,
and (b) Þykkvibær, Iceland in magnetic latitude–magnetic local time coordinates during substorm onset at 2337
UT. Red (negative) velocities are away from the radar and blue (positive) velocities are toward the radar. The radial
dashed lines are separated by 1 hr local time, with local midnight being marked by the vertical dashed line. The
dashed circles indicate magnetic latitude at 10o separations. (c–e) present IMAGE WIC auroral data in the same
coordinate system for three times during the substorm expansion phase. From Yeoman et al. [2010].

wave frequencies were seen in the westward‐propagating
(dusk) events (where the E B drift added to the proposed
wave phase evolution) than in the eastward propagating
(dawn) events (where the E B drift subtracted from the
proposed wave phase evolution). The events in James
et al. [2013] were very symmetric in both frequency and
phase propagation speed to the east and west of the substorm, and are interpreted as a genuine eastward and
westward wave propagation in the plasma rest frame.
1.4. DOPPLER SOUNDER OBSERVATIONS
Opportunities for the study of high‐m ULF waves in
the ionosphere are not restricted to ionospheric radar
systems. HF Doppler sounders offer one such alternative
technique. In a Doppler sounder, use is made of the direct
reflection of a radio wave from the ionosphere, rather
than a scattering process. While a multipoint investig

ation of the spatial structure of the ULF wave is more
difficult with such a system, it does have the advantage
of excellent spatial resolution of 3 4km for an F region
reflection. Such systems are also simple and inexpensive,
and thus can offer continuous operations in a mode suitable for ULF wave investigations, enabling statistical
studies to be built up. Baddeley et al. [2005a] studied a
population of 27 high‐m ULF waves from a the DOppler
Pulsation Experiment (DOPE), a Doppler sounder
located at Tromsø, Norway, at an invariant latitude
approximately corresponding to geostationary orbit (an
L‐shell of 6.3). Direct measurement of the m ‐number of
the waves from two azimuthally separated HF Doppler
propagation paths revealed waves with m typically being
−100 to −200, representing some of the smallest scale
waves ever observed in the ionosphere. Figure 1.8 p
 resents
an example of such a wave event, which is clearly visible
as a Doppler shift of peak‐to‐peak amplitude 1Hz

