'." frontiers

in Astronomy and Space Sciences

REVIEW
published: 30 March 2021
doi: 10.3389/fspas.2020.617792

OPEN ACCESS

Edited by:

Zoltan Voros,

Space Research Institute, Austrian
Academy of Sciences, Austria

Reviewed by:

Peter Haesung Yoon,

University of Maryland, College Park,
United States

Huishan Fu,

Beihang University, China

Evgeny V. Mishin,

Air Force Research Laboratory,
United States

*Correspondence:
Hassanali Akbari
hassanali.akbari@nasa.gov

Specialty section:

This article was submitted to
Space Physics,

a section of the journal

Frontiers in Astronomy and Space
Sciences

Received: 15 October 2020
Accepted: 21 December 2020
Published: 30 March 2021

Citation:

Akbari H, LaBelle JW and Newman DL
(2021) Langmuir Turbulence in the
Auroral lonosphere: Origins

and Effects.

Front. Astron. Space Sci. 7:617792.
doi: 10.3389/fspas.2020.617792

Check for
updates

Langmuir Turbulence in the Auroral
lonosphere: Origins and Effects

Hassanali Akbari'*, James W. LaBelle? and David L. Newman®

"Heliophysics Science Division, NASA Goddard Space Flight Center, Greenbelt, MD, United States, 2Department of Physics and
Astronomy, Dartmouth College, Hanover, NH, United States, SCenter for Integrated Plasma Studies, University of Colorado
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Theory and observations of Langmuir waves and turbulence induced in the auroral
ionosphere by electron beams of magnetospheric-origin are reviewed. The theoretical
discussions include a brief description of the electrostatic dispersion relation, excitation of
Langmuir waves by electron beams, and the stability of beam distributions. The theory of
Langmuir turbulence—including the parametric decay instability and wave collapse—is
also briefly discussed. The main focus of the review, however, is on the observations of
Langmuir waves and turbulence in the ionosphere by in-situ and ground-based sensors.
A summary of five decades of in-situ wave and particle observations is presented and
combined with a collection of more recent results from ground-based instruments. The
ground-based observations include signatures of Langmuir turbulence in the form of
coherent echoes in incoherent scatter radar measurements; signatures of electron beams
in the form of auroral morphologies recorded by high-speed, high-resolution optical
imagers; and electromagnetic emissions received on the ground at high latitudes. Uniting
the various observations obtained by the vastly different sensors is shown to provide
further insight into the micro-scale processes that occur in the ionosphere. Also
discussed in this review is the potential of the ground-based sensors to provide a
broader spatial and temporal context for single-point in-situ measurements of such
Processes.

Keywords: Langmuir turbulence, auroral ionosphere, beam-plasma interactions, plasma waves, radar echoes

1 INTRODUCTION

The Earth’s auroral ionosphere is characterized by the presence of intense particle precipitation from
the magnetosphere. The large amount of energy deposited by accelerated electrons and ions in this
region induces a range of multi-scale processes that ultimately shape the plasma dynamics at high
latitudes. In the same region, collision-less interactions of the streaming electrons with the
background plasma leads to the appearance of micro-scale phenomena—which, although they
have smaller effects on large-scale plasma dynamics, are extremely rich in physics. Excitation of
Langmuir waves by electron beams is an example of such processes.

With typical amplitudes of tens to hundreds of mV/m, Langmuir waves are among the strongest
electrostatic waves in the auroral ionosphere (e.g., McFadden et al., 1986; Kintner et al., 1995). The
waves are known to be very common and are detected on nearly every auroral zone pass in which
precipitating electrons are observed (Kintner et al., 1995). A large body of observational works from
satellites such as Freja (Lundin et al., 1994), FAST (Pfaff et al., 2001), as well as sounding rockets have
uncovered an extremely wide range of processes associated with the waves. These include nonlinear
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wave-wave interactions, linear mode conversions, modifications
of electron distributions by the waves, etc. Explaining such
observational features has inspired intense research over the
past several decades.

While the large body of theoretical, numerical, and
experimental works on Langmuir waves in space plasmas
have significantly advanced our understanding of these
processes on the fundamental level, certain observational
features from ground-based sensors at high latitudes have
emerged in the past several years that deserve further
attention. For example, Langmuir caviton formation and
collapse induced by natural electron beams—as one of the
most discussed feature of Langmuir turbulence—has been
consistently absent in measurements by in-situ instruments
in the ionosphere. Nevertheless, in the past decade or two,
incoherent scatter radars at high latitudes have commonly
detected echoes from the auroral ionosphere that include
signatures of Langmuir collapse (e.g., Akbari et al, 2012;
Isham et al, 2012). Furthermore, despite their large
amplitudes and their abundance in the auroral plasma,
possible effects of Langmuir waves on the local plasma
dynamics have remained largely unaddressed by the in-situ
observations. This is partly due to sparsity and limitations of
single-point measurements by rockets and satellites. Such
limitations, however, do not apply to volumetric
measurements by stationary ground-based instruments.
Under favored situations signatures of Langmuir turbulence
could appear and last for several minutes in radar’s field-of-view
over an extended altitude range, allowing to identify any
modification of the ionosphere by the micro-scale processes.

In what follows, we briefly discuss the various regimes of
beam-plasma interactions under which Langmuir waves grow.
We then provide a brief description of the theory of Langmuir
turbulence. This is followed by a review of five decades of in-situ
observations of Langmuir waves in the ionosphere as well as
more recent results from a collection of ground-based
incoherent scatter radars, high-resolution auroral imagers,
and electromagnetic receivers. The wide range of
observations summarized allows us to review the topic of
Langmuir waves in the auroral ionosphere and discuss a
number of open questions. By uniting the various
observations, one goal of this work is to introduce the
potential of the ground-based instruments to provide a
broader spatial and temporal context for single-point in-situ
measurements of micro-scale processes.

Although the review is meant to be comprehensive, it only
includes the basic concepts. Many details and discussions from
the literature are not repeated here—for which, readers are
routinely guided to the referenced original papers.
Furthermore, this review only includes studies related to
Langmuir waves produced naturally by electron beams in
space plasmas and does not cover laboratory studies, results
observed during injection of artificial electron beams in the
ionosphere (a review provided by Mishin (2019)), or
Langmuir turbulence induced in ionospheric modification
experiments.

Langmuir Turbulence in the lonosphere

2 GENERAL DESCRIPTION OF
BEAM-PLASMA INTERACTIONS AND
LANGMUIR TURBULENCE

2.1 Beam-Plasma Interactions

2.1.1 Plasma Dispersion Relation

In a plasma consisting of a background population f,(v) and an
electron beam f,(v), electrostatic plasma oscillations and their

growth rates can be obtained by solving the dispersion relation
(Clemmow, 2018):

5:1+ZXs(k’“’):0 (D

Here, x, (k, w) is the susceptibility for species‘s’ —which includes a
core electron population ‘e, background ions ¥, and beam
electrons ‘b’—and is given by:
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In this equation, w is the wave frequency, k is the wave vector, w;
and Q) are the plasma and cyclotron frequencies of speciess’, ], is
the Bessel function of the first kind of order n, and the subscript ||
and L indicate the directions parallel and perpendicular to the
magnetic field B, respectively.

The dispersion relation 1 needs to be solved for a real wave
vector k, and a complex frequency w = wg + jy, where y is the
growth/damping rate at w = wg. In the limit wg >y, Taylor
expansion of &=eg+jeg; about wg leads to the following
descriptions for the wave modes and their growth rates,
respectively: eg =0 and y = —¢;/(0er/Owg),,. Focusing on
high-frequency waves (and thus ignoring ion dynamics), the
dispersion relation eg =0 describes several electrostatic
modes—including the upper-hybrid, Langmuir, and the
electrostatic whistler—that can be amplified in the presence of
an electron beam. A detailed discussion on amplification of the
electrostatic modes by auroral electron beams is given by
Kaufmann et al. (1978).

In the auroral ionosphere, Eq. 1 should ideally include an
additional term for the secondary or the scattered electrons which
dominate the electron distribution function in the suprathermal
energy range from a few eV to several keV. As will be discussed
later in this review, the suprathermal electrons can introduce
additional Landau damping for plasma waves and consequently
affect the collisionless interaction of an electron beam with the
ionospheric plasma (Lotko and Maggs, 1979; Mishin and Telegin,
1986; Newman et al., 1994c, b). Such effects of the suprathermal
electrons, however, are ignored for the moment but will be
discussed in Section 2.2 in the context of beam-generated
Langmuir turbulence.

Considering the complexity of the dispersion relation given by
Eq. 1, the analytical approach to investigate beam-plasma
interactions often requires some level of approximation. For
wave vector k strictly parallel to B (i.e., k, = 0), the arguments
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of the Bessel functions J, in Eq. 2 vanish and only the n = 0 term
contributes to the sum over n. In this limit, the unmagnetized
susceptibility reduces to

W (. ki (OF;/ov)
(k,w) = —SJ dy————= (3)
X )T 0Ky
where F;(v)) is the reduced distribution function
F(v)= J v, f.(v). (4)

When there is no ambiguity regarding the use of a 1D model, the
notation is often simplified by making the following substitutions:
F; — f;; k) — k; and v — v. After further limiting consideration to
the case of two electron populations (background electrons
designated by s— e and beam electrons designated by s — b),
with ions forming an immobile neutralizing background
(ie, x; =0), the dispersion relation reduces to the familiar
form (Stix, 1962):

L[ g KOS 6 o KOS

1 €
+k2 —oo w - kv k) _& w— kv

Although the k; — 0 limit assumes the presence of a non-zero
magnetic field, the 1D susceptibility is valid even in the limit
|B| — 0. In the unmagnetized case, the product k (0F/0v)) can be
replaced by k - V, F; (v), where the reduced distribution F; is now
understood as being the integral over velocities perpendicular to k
rather than perpendicular to B as in the magnetized case. The
above substitution, in which k can point in an arbitrary direction,
leads directly to the general 2D and 3D dispersion in the
unmagnetized limit.

From the linear stability analysis of Eq. 5 it is found that the
details of beam-plasma instability and the characteristics of the
growing waves highly depend on the parameters of the beam
(i.e, beam number density np, beam velocity v,, and beam
velocity spread Av,) and the background plasma (O’neil and
Malmberg, 1968; Peter Gary, 1985). Specifically, for relatively
dense, cold, and fast electron beams such that
P = (ny/ng)'” (vo/Avy) > 6, the instability is fluid (also called
‘reactive’) and arises as a growing wave bunches the beam
electrons at certain points of its oscillation in space to produce
an electric field, which then enhances the modulation of the beam
particle (e.g., Cairns, 1989; Cairns and Nishikawa, 1989). The
fastest-growing modes, in this case, occur on the ‘beam mode’
with the dispersion relation w = v,k. The beam mode is not a
normal mode of plasma and appears in a beam-plasma system
due to the contribution of y, to the real part of the dielectric
function eg. The term ‘reactive’ refers to the fact that the
interactions are dominated by the real (or reactive) component
of eg which also contributes to growth rates. The reactive
instability is often saturated by trapping of beam electrons in
potential wells of the self-generated electrostatic waves or via an
increase in the thermal spread of the beam (Cairns and
Nishikawa, 1989; Klimas, 1990). The interaction of the
electron beam with the background plasma is then passed
onto the kinetic domain (Nishikawa and Cairns, 1991; Dum
and Nishikawa, 1994). Observational features associated with the

Langmuir Turbulence in the lonosphere

instability in space plasmas when P>6 include electrostatic
oscillations with frequencies below and above the local plasma
frequency in planetary foreshocks (e.g., Etcheto and Faucheux,
1984; Fuselier et al., 1985; Cairns, 1989).

In contrast to the reactive limit, for relatively weak, warm, and
slow electron beams such that P <1, the instability is kinetic
(Cairns, 1989). In this case, modification of the real part of the
dispersion relation 1 by y, is small and the solutions of the
dispersion relation are close to the normal modes of the plasma.
The beam primarily modifies the imaginary (resistive)
component of the dielectric function and as such the
instability is sometimes referred to as ‘resistive’. In this regime,
the fastest-growing waves occur on the Langmuir dispersion
relation with w > w, and grow due to inverse Landau damping
associated with a positive slope in the one-dimensional (reduced)
electron distribution function. The growth rate is given by
Shapiro and Shevchenko (1988):

nw? 0
y= ZWOZZwL a(fe + o) (6)

where #y is the background plasma density and w; is the wave
frequency. It is in this kinetic regime where unstable Langmuir
waves grow to high intensities and result in Langmuir turbulence.

Numerical investigation of the dispersion relation for
conditions in between the two limits above is discussed in the
literature (Cairns, 1989; Dum, 1989). It is shown that by
increasing P from below 1 to above 6, a smooth transition
occurs in the shape of the dispersion curve, the frequency of
the fastest-growing waves, and the kinetic versus reactive nature
of the instability. Here, we do not further discuss the reactive
regime of the beam-plasma instability since the ionospheric
observations that are subject of this review fall well into the
kinetic domain.

While the use of Eq. 5 greatly simplifies the analytical approach,
it also eliminates a considerable amount of physics. Specifically, the
one-dimensional unmagnetized description ignores the presence of
several wave modes—such as the electrostatic whistler, upper-
hybrid, and the electron Bernstein modes—which are described by
the general electrostatic dispersion relation and are commonly
observed in the auroral ionosphere. This reduction is evident in Eq.
2 where the assumption of k;, = 0 leads to J, (%j =0forn+0.
With respect to the growth rates, the term a socidted with n = 0
becomes equivalent to the growth rate given by Eq. 6 and is
referred to as the ‘Landau resonance’. The n > 0 terms are referred
to as the ‘cyclotron resonances’—which are often responsible for
amplification of oblique waves with k; > kj—whereas, the n<0
terms are sometimes referred to as the ‘anomalous Doppler
resonances’. For further discussions of the growth of various
wave modes and their competition for the free energy provided
by auroral electron beams readers are referred to Kaufmann et al.
(1978); McFadden et al. (1986); Ergun et al. (1993); Dum and
Nishikawa (1994); Muschietti et al. (1997).

2.1.2 Saturation of the Bump-on-Tail Instability
In a uniform plasma, and in the absence of nonlinear wave-wave
interactions, saturation of the bum-on-tail instability is due to

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

March 2021 | Volume 7 | Article 617792


https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Akbari et al.

Langmuir Turbulence in the lonosphere

A 108

WL

0.5

0o 2 4 6 8 10
wet x10%

vp = 2keV, comparable to observations in the solar wind.

FIGURE 1| Adapted from Krafft et al. (2015): Results from one-dimensional simulations describing quasi-linear relaxation of an electron beam. (A) Time variation of
the normalized energy density of beam-generated Langmuir waves (W, ). And, (B) evolution of the beam distribution in velocity space (v) as a function of time. Here, vis in
the unit of electron thermal velocity defined as Ve = ks Te/me. The simulation corresponds to choices of ng = 5 x 108m=3, T, = 20eV, ny/ng =5x 1075 and

quasi-linear beam flattening. In this process, the waves that are in
resonance with the positive slope of the beam grow to large
intensities, to the point that they react back on the distribution
function, converting the positive slope into a plateau. Figure 1,
from Krafft et al. (2015), shows an example from a one-
dimensional simulation of beam-plasma instability in the solar
wind, where quasi-linear relaxation of a 2 keV electron beam is
described. Saturation of the bump-on-tail instability by quasi-
linear beam flattening occurs on time scales of the order of
Tgl ~ (no/n;,)w(j1 (Davidson, 1972; Papadopoulos, 1975). The
time scale is several milliseconds for the plasma parameters at
about 1000 km and in the order of tens of millisecond for the
plasma parameters at 300km. Electron distribution
measurements with instruments onboard sounding rockets and
satellites have shown that the phase-space distribution of
energetic electrons in the keV energy range—i.e., the so-called
‘inverted V’ electron beams—often consist of a plateau rather
than a positive slope at the F region altitudes (e.g., Kaufmann
et al., 1978), implying that the electron distributions have already
stabilized by quasi-linear diffusion by the time the beams reach to
ionospheric altitudes.

Despite the relatively short timescales (equivalently, short
distances) on which quasi-linear beam flattening occurs,
Langmuir waves have been commonly observed in the solar
wind and in the ionosphere far from the generation point of
the source electron beams. Several scenarios have been proposed
to resolve this contradiction. One scenario involves velocity
dispersion, whereby faster beam electrons continuously
precede the slower ones, momentarily reproducing a positive
slope which is then quickly flattened (e.g., Lin et al., 1981;
McFadden et al., 1986). The constant formation and flattening
of the positive slope leads to a marginally unstable distribution
which can travel to long distances. Another scenario involves
nonlinear wave-wave interactions that are not included in the
quasi-linear theory. In this scenario, the beam-resonant unstable
waves undergo a parametric instability by which their energy
quickly transfers to waves that are not in resonance with the beam
and, thus, not in direct energy exchange. The beam-resonant
waves, therefore, remain at a lower energy level and are less

effective in altering the beam distribution (Papadopoulos and
Coftey, 1974; Galeev, 1975; Galeev et al., 1977b; Muschietti and
Dum, 1991; Goldman et al., 1996). Whether or not the beam
flattening is significantly limited by the nonlinear wave-wave
interactions depends on the timescales on which the two
processes occur. Numerical simulations have demonstrated
that for the parameters of the auroral ionosphere, ~1000 km,
the parametric decay of Langmuir waves and wave-particle
interactions occur on similar timescales and as such both are
important in determining the evolution of a beam-plasma system
(Sanbonmatsu et al., 1997, 2001).

The presence of spatial and temporal variations in electron
beams and background plasma can also significantly affect the
growth of electrostatic waves and, consequently, the evolution
of a beam distribution. Several examples include 1) propagation
of the beam-resonant waves out of the region where the beam
exists—for example, oblique propagation of waves outside of an
auroral arc (Maggs, 1976, 1978; Maggs and Lotko, 1981); 2)
change in the phase velocity of the enhanced waves due to the
presence of background density gradient (e.g., Akbari et al,,
2013); and 3) temporal variations within the beam and the
background plasma that alter the growth rate as a function of
time and space. Accounting for the random spatiotemporal
variations of the beam and the background plasma has led to the
development of the so-called Stochastic Growth Theory (SGT)
(Robinson, 1995; Cairns and Robinson, 1997; Cairns et al.,
2000; Cairns and Menietti, 2001). At the heart of this theory is a
particle distribution that is and remains close to time- and
space-averaged marginal stability but includes stochastic
fluctuations—due to variations in the beam and background
plasma—that cause linear wave growth at random times and
locations. This theory provides an intrinsic explanation for
certain observational features of Langmuir waves in space
plasmas such as the burstiness of the wave fields and their
observations far from the source region of the unstable
distribution. One prediction of SGT is that the amplitude of
the observed waves should follow a log-normal distribution.
This prediction has been verified experimentally for several
Langmuir wave observations in the solar wind (Cairns et al,
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2000), in planetary foreshocks (Cairns and Robinson, 1997), as
well as the Earth’s topside ionosphere (Samara et al., 2008).

Other processes that may contribute to the stability of electron
beams and their interactions with background plasma involve
electron-neutral collisions (e.g., Volokitin and Mishin, 1979).
Theoretical calculations show that for electron-neutral collision
frequencies, v,, greater than a threshold (v, > mw.np/ng), the
increased linear collisional damping can stop the plateau
formation and preserve the positive slope. Above a threshold,
electron-neutral collisions may also influence the transfer of
turbulence energy to dissipative scales by wave collapse (this
will be further discussed in the next section), leading to an
increased level of wave energy compared to the collisionless
case (e.g., Volokitin and Mishin, 1979). Such collisional effects
may manifest in the E region of the auroral ionosphere where the
exponential increase in the neutral density causes a rapid
transition from collisionless to collisional turbulence. It has
been proposed that this transition can lead to the appearance
of a thin layer in altitude, called the plasma turbulence layer
(PTL), in which wave energy is elevated (e.g., Mishin and Telegin,
1989). The dissipation of wave energy in the turbulence layer has
been proposed to explain thin layers of enhanced electron
temperature and density (e.g, Swider and Narcisi, 1977;
Wahlund et al., 1989; Schlesier et al., 1997), as well as auroral
luminosity (i.e., the so-called ‘Enhanced Aurora’) (e.g., Stenbaek-
Nielsen and Hallinan, 1979; Dziubenko et al., 1980; Mishin et al.,
1981; Hallinan et al., 1985) commonly observed by ground-based
incoherent scatter radars and optical instruments at high
latitudes.

2.2 Langmuir Turbulence

Langmuir turbulence is a result of nonlinear coupling between
Langmuir waves and ion density perturbations. In plasmas,
the refractive index is a function of plasma density, with a
lower density corresponding to a higher refractive index. An
existing density depression, therefore, forms a region of
higher refractive index, which tends to concentrate the
distribution of wave energy inside. On the other hand, a
nonuniform distribution of Langmuir energy acts to push
the plasma toward the area of weaker field strength
(i.e., out51de of the cavity) via the Ponderomotive force
Fp = —4ﬂw2V|E| As a result of this positive feedback,
instabilities emerge that lead to strong responses in electric
fields and density perturbations which are referred to as
Langmuir turbulence. Langmuir turbulence includes the
phenomena of linear parametric instabilities, as well as the
completely nonlinear phenomenon of caviton formation and
wave collapse. It is known to occur in a variety of space and
astrophysical plasmas—including pulsar magnetospheres
(Asseo and Porzio, 2006), lower solar corona (Nulsen et al.,
2007), the solar wind (e.g., Thejappa et al., 2012a, b; Graham
et al., 2012; Graham and Cairns, 2014), planetary foreshocks
(e.g.» Robinson and Newman, 1991; Thiessen and Kellogg,
1993), and the Earth’s ionosphere (e.g., Akbari et al., 2012;
Isham et al., 2012)—as well as laboratory laser-plasma (e.g.,
Kline et al., 2006) and beam-plasma experiments (e.g., Wong
and Quon, 1975).

Langmuir Turbulence in the lonosphere

Langmuir turbulence is often modeled by numerical
integration of a set of coupled, nonlinear, partial differential
equations known as the Zakharov equations (e.g., Newman
et al., 1994b; Robinson, 1997; Guio and Forme, 2006). The
Zakharov equations for an unmagnetized plasma in multiple
dimensions can be expressed as:

V. < §t+]ve>< +3w)t2 V2>

2
(E?tz + 29, xai— C2V2>6

= %v.nE) ()
o

0% (8)
m;

Here, E is the slowly varying envelope of the high-frequency
electrostatic wave field, and d# is the quasineutral plasma density
fluctuations. v, and v; are damping coefficients for Langmuir and
ion-acoustic waves. The coefficients are wavenumber-dependent
and are implemented by incorporating the convolution product
operator x. Also, Ap, C;, and, m; are the Debye length, ion sound
velocity, and ion mass, respectively. In order to account for
thermal spontaneous emission of Langmuir and ion-acoustic
waves, stochastic complex source terms may also be added to
the right-hand side of the two equations (e.g., Guio and Forme,
2006). Electron beams are often accounted for by including their
wavenumber-dependent inverse Landau damping in the damping
coefficient v,. More generally, both the damping and dispersion of
Langmuir waves can depend on the direction of k due to
anisotropy of the plasma. For example, in (Newman et al,
1994b), the Laplacian operator V2 in Eq. 7 is replaced by a
generalized dispersion operator D* that includes magnetic
corrections to the dispersion relation. The Zakharov equations
can be understood in the light of the description provided in the
previous paragraph and by noting that 1) the Fourier transform of
the expressions in parentheses on the left side of the equations
represent the linear dispersion relation of the Langmuir and ion-
acoustic waves; 2) the term on the right side of Eq. 8 represents
the Ponderomotive force which couples the ion dynamics to
Langmuir field; and 3) that the right side of Eq. 7 represents the
non-uniform plasma density—i.e., the variations of the
refractive index.

The standard description of beam-induced Langmuir
turbulence in one dimension is as follows (Robinson, 1997): in
the kinetic domain of the beam-plasma instability, Langmuir
waves with phase velocities in the vicinity of the positive slope of
the distribution function (i.e., k; ~ w./v}) experience a linear
exponential growth according to Eq. 6. Provided that k; > k*/2
and W < kAp (m, /ml)l/2 (1e region I in Figure 3 of Robinson,
1997)—where, W = 4n . L is the ratio of the Langmuir electric
field energy density to the plasma kinetic energy density,
k' = 3/1 (ym, /m)Y2, Ap is the Debye length and
y =1+ 3T;/T,—and for sufficiently large wave amplitudes, the
nonlinear transfer rate of energy into a daughter mode will exceed
its damping rate and the waves become unstable to the parametric
decay instability (PDI). Subsequently, the energy quickly transfers
from the beam-resonant Langmuir waves to a daughter Langmuir
wave with a wavenumber k;, =~ —k; + k" and an ion acoustic
wave at ks = 2k; — k. The change of sign of k;, with respect to k;,
for |kz| > |k*| indicates that the daughter wave propagates in the
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FIGURE 2 | Adapted from Akbari et al. (2016): Results from a one-dimensional simulation of Langmuir turbulence induced in the nightside F region auroral plasma
with a 125 eV electron beam. The left and right panels show the evolution of the electric field and ion density perturbations, respectively, as a function of time and
wavenumber. A cascade of parametric decay instabilities is seen after t ~32 ms following an exponential amplification of beam-resonant Langmuir waves atk ~ 8m~".

Other parameters of the electron beam are ny/ng = 6 x 106 and Avp/v, = 0.3.

direction opposite to that of the original wave. Provided that there
is enough input energy to the system, the daughter wave becomes
unstable, producing its own set of product waves, transferring
energy to yet smaller wavenumbers. A cascade of parametric
decay instabilities then could be initiated which ultimately leads
to the concentration of energy in the low wavenumber part of the
spectrum. Results from a one-dimensional simulation illustrating
the energy transfer from an electron beam to beam-resonant
Langmuir waves at k~8 m™! and subsequently to a broad
spectrum of waves is shown in Figure 2.

In multiple spatial dimensions, the above description of a
cascade of parametric decays is slightly altered since the
participating waves are now allowed to obtain wave vectors in
arbitrary directions—that is, as long as the wave vector matching
condition k; = k; + k; is satisfied. In two or three dimensions,
therefore, the parametric decay instability may result in product
waves that spread over broad arc-like features in k-space while
transferring energy to lower wavenumbers. An example of a
cascade of PDIs in two spatial dimensions is shown in
Figure 5 of Robinson (1997).

In the absence of significant linear damping (collision and
Landau damping), dissipation of the concentrated energy at
small wavenumbers is achieved by the nonlinear process of
caviton formation and collapse. The process is as follows: at
k<k*/2, the long-wavelength, relatively uniform Langmuir
waves become unstable to the modulational instability by
which a wave packet breaks-up into a train of smaller-scale
modulations (see Figure 10 of Goldman, 1984). The
modulational instability leads to the formation of plasma
density cavities of the same scale in which Langmuir waves
are trapped. If the intensity of a Langmuir packet is higher than

a threshold (E, (L) > 12285 TVer [l where Vi = (kpT./me)"?
and V, = (yme/mi)”2 Ve are the electron thermal velocity and
the ion sound speed, respectively) (Cairns and Robinson, 1995),
collapse initiates—i.e., the Ponderomotive force of the high-
frequency field progressively pushes the plasma out of the
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FIGURE 3 | Adapted from Akbari et al. (2016): Results from a one-
dimensional simulation of Langmuir turbulence in the nightside F region auroral
plasma. Normalized ion density fluctuations are shown in real space as a
function of time. The feature located in the center of the plot illustrates a
cycle of nucleation—collapse—dissipation.

corresponding density well, further deepening and narrowing
the cavity, intensifying the trapped electric field inside. At very
small scales (tens of Debye lengths), the collapsing wave packet
experiences strong transit-time damping (Robinson, 1997, and
references therein), which dissipates the electric field, releasing
the energy in the form of accelerated electrons (e.g., Newman
et al, 1990; Wang et al, 1996). The density cavity, now
unsupported by Ponderomotive force, slowly relaxes in place
(in the case of significant ion-acoustic damping) or breaks up
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into ion sound pulses that propagate in either direction (in the
case of small ion-acoustic damping) (Doolen et al., 1985; Russell
et al., 1988).

The relevance of the modulational instability at k<k'/2 in
the above description has been discussed by various works
(Robinson, 1997, and references therein). Specifically, it has
been argued that in a broadband turbulence produced by
successive parametric decays, the modulational instability is
likely stable (see Sec. III.C of Robinson, 1997). Collapse is
instead expected to occur via the alternate ‘nucleation’
mechanism. This mechanism relies on the fact that, in the
presence of density fluctuations, localized Langmuir
eigenmodes exist in the form of trapped standing waves in
density depressions (e.g., McAdams et al., 2000). The trapped
waves may accumulate energy from the background turbulence,
for example via three-wave decays, and undergo collapse. An
example from a one-dimensional simulation is presented in
Figure 3 where an ion density cavity undergoes nucleation and
collapse. Here, collapse is seen at the initial stage of the time
development of the feature at x ~32.2 m, during which the
cavity steepens and the pushed-aside plasma density propagates
to the sides in the form of two ion sound pulses. After the
dissipation stage, the density cavity relaxes in place, gradually
becoming shallower. This is a consequence of the large ion
damping rate chosen in this simulation (T,./T; =3) that is
suitable for the F region auroral plasma. What remains of
the density cavity may later re-nucleate energy, initiating
another cycle of nucleation-collapse-dissipation (Doolen
et al., 1985; Russell et al., 1988). A fully developed Langmuir
turbulence in this picture simultaneously consists of linear
Langmuir and ion-acoustic waves along with collapsing
cavitons in the turbulence region.

The picture described above is the standard description of
Langmuir turbulence that applies to unmagnetized or weakly
magnetized plasmas (w,>(),). Several modifications to the
description above are discussed in the literature. First, in the
presence of a moderate magnetic field (Q, > w,)—applicable to
environments such as the lower solar corona and the topside F
region of the ionosphere—the topological changes to the
Langmuir dispersion relation due to the magnetic field
suppress self-focusing of wave energy in density cavities. In
such environments, therefore, wave collapse is not possible
(Newman et al., 1994a). On the other hand, the altered
Langmuir dispersion relation allows the three-wave decay to
directly transfer energy to larger wavenumbers where
dissipation via Landau damping is significant. This is in
contrast to the unmagnetized case where the kinematics of the
parametric decay only allows energy transfer to lower
wavenumbers.

It has been pointed out recently (Layden et al., 2013; Cairns
and Layden, 2018) that the modification of the Langmuir
dispersion relation to the generalized forms (Willes and
Cairns, 2000) of the Langmuir-z mode for weakly magnetized
plasmas (w, > €,) and that of the Langmuir-whistler mode for
strongly/moderately magnetized plasmas (Q.>w,) may also
affect the standard description of Langmuir turbulence.
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Specifically, the deviation of the dispersion relation from that
of the electrostatic Langmuir curve at small wavenumbers allows
the parametric decay instability to be kinematically viable even
for k < k'/2. This is, again, contrary to the unmagnetized case and
may potentially affect wave collapse due to the competition
between the parametric decay instability and the modulational
instability at small wavenumbers.

Another important consideration for Langmuir turbulence in
the auroral plasma is the presence of the secondary and the
scattered electrons which dominate the electron distribution
function in the suprathermal energy range from a few eV to
several keV (Mishin and Telegin, 1986). These electrons
substantially enhance Landau damping of Langmuir waves at
intermediate wavenumbers, causing the cascade of parametric
decays to truncate. This, in turn, prevents the accumulation of
energy at low wavenumbers, disabling wave collapse even when
we > Qe (Newman et al., 1994c¢, c). Furthermore, the damping
enhances as the angle between k and B increases. Another effect
of the suprathermal electrons is, therefore, to confine the
turbulence to within ~10° from the magnetic field direction.
This is consistent with various observations by in-situ and
ground-based sensors.

The above description of Langmuir turbulence, which is
mainly developed based on the Zakharov equations, are
limited to interactions of Langmuir and ion-acoustic waves
and does not include the direct excitation of waves on the
lower hybrid/whistler branch by the beam or the parametric
decay of Langmuir waves into such wave modes (Stasiewicz
et al., 1996; Bonnell et al., 1997; Lizunov et al., 2001; Singh
etal., 2001). The electrostatic Zakharov equations also exclude
the well-known parametric decay instabilities involving the
first and second harmonics of the electromagnetic radiation
near the local plasma frequency (e.g., Li et al., 2005a; Li et al,,
2005b).

As we wrap up the theoretical discussions, we note that
Langmuir turbulence—as would result from nonlinear
interactions of warm, tenuous electron beams with
background plasma—has also been investigated within the
framework of the plasma weak turbulence theory (e.g., Ziebell
etal,, 2001; Yoon, 2006; Ziebell et al., 2008; Yoon et al., 2012b, and
references therein). One advantage of the weak turbulence
formalism is that it combines quasi-linear diffusion and wave
kinetic equations and, as such, self-consistently describes the
evolution of electron beams along with wave-wave interactions
and wave-particle scattering effects. The weak turbulence
framework has been extensively employed to investigate the
generation of Langmuir waves in the solar wind, their
conversion to electromagnetic emission near the plasma
frequency and its harmonics, as well as their role in the
generation of energetic tails in electron distribution functions
(e.g., Yoon et al., 2005; Gaelzer et al., 2008; Yoon et al., 2012a;
Ziebell et al., 2015; Lee et al., 2019). The weak turbulence theory
properly describes three-wave interactions, such as the
parametric decay instability, however, does not describe
coherent phenomena such as caviton collapse or modulational
instabilities. A detailed description of the equations of the weak
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turbulence theory is beyond the scope of this work; we instead
refer the readers to the references mentioned above.

3 OBSERVATIONS OF LANGMUIR WAVES/
TURBULENCE IN THE IONOSPHERE

3.1 In-situ Observations

In-situ observations of particles and fields by instruments
onboard satellites and sounding rockets have played a major
role in establishing that Langmuir waves are common in the high-
latitude plasma environment and identifying their features and
consequences. There have been many comparable in-situ
observations of upper-hybrid waves, including similar physical
effects as those reported for Langmuir waves, but this review
concentrates on the modes with nearly parallel wave vectors.

Early spacecraft traversing the auroral zone included wave
receivers that detected signals around the local plasma frequency
(Gregory, 1969, and references therein). Bauer and Stone (1968), for
example, combined many of these observations to estimate the
electron density profile far into the topside. The Porcupine series
of rockets launched in 1977 from Esrange, Sweden, detected Langmuir
waves with amplitudes few to tens of mV/m in subsecond bursts both
in the natural auroral environment and trapped in an artificial barium
cloud (Carlson et al, 1987). Another 1977 rocket launch from
Churchill, Manitoba, detected narrow-band signals near 2.3 MHz,
tentatively identified as Langmuir waves, with estimated amplitudes
50 mV/m, occurring in bursts of approximately 100 ms duration, and
correlated with energetic electrons beams (Kellogg et al,, 1978). The
bursty nature of auroral Langmuir waves and their correlation with
magnetospheric-origin electron beams have been subsequently
confirmed by many in-situ observations (e.g, Boehm, 1987;
Kintner et al., 1995; LaBelle et al., 2010).

McFadden et al. (1986), for example, analyzed data from a
1982 rocket launched to over 600 km from Cape Perry, Canada,
observing small amplitude (few mV/m) bursty Langmuir waves
associated with ~1.5 keV inverted V electron beams and others
associated with broadband lower energy electrons below 375 eV.
Through detailed consideration of the stability of measured
electron distributions, they concluded that the primary source
of energy for the waves was the positive slope in the parallel
component of the electron distribution function. They also
argued that the small amplitudes of the observed waves
required processes to limit wave growth, such as propagation
on a density gradient that could result in shifting the waves out of
resonance with the beam. Significantly larger amplitude
Langmuir wave bursts, up to and exceeding 800 mV/m, were
later observed in many experiments (e.g., Boehm, 1987; Ergun
et al,, 1991a; Kintner et al., 1995; Kletzing et al., 2005; Samara
etal,, 2008; LaBelle et al., 2010); which also showed that Langmuir
waves were more common at altitude above 600 km. In contrast
to the small-amplitude waves, the large ~V/m amplitude events
require a mechanism to keep Langmuir waves in resonance
longer, such as wave reflection or trapping discussed by
Boehm (1987), or larger growth rates provided by electron beams.

Repeated in-situ observations (e.g., Kletzing et al., 2016)
have shown that large-amplitude Langmuir waves in the
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ionosphere are often observed in conjunction with bursts of
broadband (with energies from tens to thousands of eV), field-
aligned electrons that are accelerated by the parallel electric
field of inertial Alfvén waves (e.g., Kletzing and Hu, 2001). One
characteristic of the field-aligned electron bursts is their
velocity dispersion, by which the faster, higher energy
electrons are observed first, followed by the slower electrons.
The free energy for Langmuir waves is attributed to such
modulations in the electron flux which lead to the
appearance of a transient positive slope in the one-
dimensional electron distribution function (McFadden et al.,
1986). As was described in Section 2.1, the appearance of the
transient positive slope, and thus the amplitude of the resulting
waves, is determined by the competition between quasi-linear
beam flattening, nonlinear parametric instabilities of
Langmuir waves, and variations in the electron flux which
can occur on similar timescales at ionospheric altitudes. Large-
amplitude Langmuir waves in the ionosphere are often not
associated with intense, energetic (keV) inverted V electron
beams. Such beams, however, could be unstable in oblique
directions and give rise to electrostatic whistler and upper-
hybrid waves (Maggs, 1976; Kaufmann et al., 1978; Maggs,
1978; Lotko and Maggs, 1981; Maggs and Lotko, 1981; Gough
et al., 1990).

3.1.1 Spectral and Temporal Characteristics of
Langmuir Waves

A wealth of information on various linear and nonlinear
processes involving Langmuir waves and electromagnetic
emissions associated with them can be obtained by a careful
investigation of their spectral and temporal features. Data from
the AUREOL/ARCAD-3 satellite at 400-2000 km, for example,
showed evidence of frequency structure associated with auroral
Langmuir waves (Beghin et al, 1989). This data set also
established the ubiquity of the phenomenon, with occurrence
rates up to 80% on the dayside and 60% on the nightside. Wave
structures extended above the plasma frequency when w, > Q,
and extended below the plasma frequency when w,<Q,.
McAdams and LaBelle (1999) made continuous measurements
of the waveform up to 5 MHz on a sounding rocket PHAZE-2
launched to 945km into the nightside aurora from Alaska,
revealing detailed frequency structure of the Langmuir waves.
As found by Beghin et al. (1989), the structure depended on the
value of w,/Q,. For the ‘underdense’ case (w, < (),), emissions
appear in the form of relatively long-lasting monochromatic,
banded structures below w,, often punctuated by intense waves
where the wave frequency matches local plasma frequency
(McAdams et al., 1999). These were interpreted as mode
conversion of Langmuir wave bursts into whistler waves that
propagate long distances particularly as their frequency becomes
well below local w, away from the source. The banded structure
arises because the causative Langmuir waves consist of short-
duration bursts. For the ‘overdense’ case (w,>(),.), short-
duration frequency-drifting signals called “chirps” were
detected just above w, in association with electron density
irregularities with scales sizes meters to a kilometer. The
chirps have bandwidths of 300-600Hz, amplitudes of
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FIGURE 4 | Adapted from McAdams and LaBelle (1999): Spectrograms of electric field measured with a 30-cm double-probe antenna at ~310 km altitude with the
PHAZE-2 sounding rocket. Top panel: overview spectrogram showing Langmuir emissions at and just above the plasma frequency, associated with density structures.
Bottom panels: zoomed-in spectrograms showing the detailed structure of the Langmuir waves.
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FIGURE 5 | Adapted from LaBelle et al. (2010): Langmuir wave electric fields measured with a 30-cm double-probe antenna at 967-894 km with the TRICE
sounding rocket launched from Andoya, Norway on December 10, 2007. Left panels: overview spectrogram showing Langmuir wave bursts (top), and zoomed-in
spectrogram showing Langmuir wave structure (bottom). Right panels: selected spectrum showing a forest of peaks at and below f, (top), and time series waveform
showing typical Langmuir wave modulations.

~0.7 mV/m, and last about tens of ms. They often appear in pairs ~ aurora with the PHAZE-2 sounding rocket. The top panel shows
or multiplets. Langmuir waves at and above the plasma frequency, that is

Figure 4 (from McAdams and LaBelle, 1999) shows spectral identified by the lower cutoft descending from 2.2 to 1.7 MHz.
data of Langmuir waves measured in the overdense nightside = The structured Langmuir waves are associated with density
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enhancements of around 1 km spatial scale believed to be caused
by electron impact ionization from the same electron beam which
generates the waves. Lower panels B-E show expanded views of
the Langmuir wave fine structure, consisting of multiplet
structures “chirps”.

McAdams et al. (2000) put forth a model of the HF “chirp”
emissions as quasi-trapped eigenmodes in a field-aligned
density depletion. Observed frequency spacings of the
“chirps” (0.1-1.4kHz) and observed density cavity sizes
and depths agreed with predictions of the linear theory of
the waves in the depletions using equivalent of WKB
approximation. The model also correctly predicts that the
modes are evenly spaced, as well as the number of modes
predicted for a given density cavity. Yoon and LaBelle (2005)
extend the model to a wider class of density irregularities.
These observations motivated the analysis discovering
analogous eigenmodes of Langmuir waves observed by
STEREO spacecraft in the solar wind (Ergun et al., 2008).
Samara and LaBelle (2006) review observations of “chirp”
features on three different rocket experiments, showing a
greater variety of “chirp” frequency variations (upward as
well as downward) and a typical 3-km distance scale of decay
of amplitudes of escaping chirps as a function of distance from
their sources.

Another, clearly noticeable, characteristic of Langmuir
waves is their amplitude modulation at very low
frequencies (VLF), typically between 1 and 60 kHz. Boehm
(1987), for example, reported up to 100% modulations in
Langmuir wave amplitudes suggesting nonlinear wave-wave
interactions. Such amplitude modulations of Langmuir waves
have since been confirmed in many experiments and have

resulted in several possible explanations. The proposed
mechanisms include beating between Langmuir waves of
different frequencies (Newman et al., 1994b; Burinskaya
et al., 2003; LaBelle et al., 2010); nonlinear wave-wave
interaction involving low-frequency waves such as ion-
acoustic, lower hybrid, or ion Bernstein waves (Ergun
et al,, 1991a; Stasiewicz et al., 1996; Bonnell et al., 1997;
Khotyaintsev et al., 2001; Lizunov et al., 2001; Singh et al,,
2001), as well as purely kinetic processes where electron
motions are affected by the electrostatic potential of the
generated waves (Muschietti et al, 1995, 1996; Akimoto
et al., 1996; Umeda, 2006).

An example of such modulations is presented in Figure 5
(adapted from LaBelle et al., 2010) which shows Langmuir
waves measured in the dayside aurora with the TRICE
sounding rocket. Here, panel a shows a spectrogram from
an 11-s interval covering a 200 kHz band centered on the
plasma frequency which is near 500 kHz. This panel illustrates
the bursty nature of the Langmuir waves. Panel b shows a
spectrogram of a relatively long individual burst lasting nearly
200 ms. The upper bound of the waves rises and then falls
during the burst, interpreted as evidence of a plasma density
enhancement in which the Langmuir waves are trapped. Panel
¢ shows a selected spectrum, at the time of the vertical white
dashed line in panel b, showing that the Langmuir waves
consist of a forest of spectral peaks spanning about 40 kHz.
The coherence and duration of the peaks can be inferred from
the spectrogram. Panel d shows waveform data during a 2-ms
interval illustrating envelope modulations with amplitudes
approaching 100%, typical of auroral Langmuir wave
observations.
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Bonnell et al. (1997) present a statistical study of several
hundred modulated Langmuir wave bursts observed with the
Freja satellite at 1400-1700 km and the Scifer sounding rocket
launched from Norway to 1450km in the cusp. They find
modulation frequencies from 1kHz, an instrumental lower
limit, to 60 kHz. They demonstrate that parametric decay into
oblique Langmuir waves and whistler/lower hybrid waves is
kinematically possible and could account for modulation
frequencies above 7kHz. They, furthermore, suggest that
below 7 kHz, modulations require involvement of ion sound
waves. In none of the preceding studies, however, is the low-
frequency daughter wave observed. Stasiewicz et al. (1996), in
contrast, shows case studies of Langmuir wave-wave interactions
observed with the Freja satellite, in which the low-frequency
wave is detected. In some cases, the presence of the low-
frequency wave are interpreted as parametric decay of
Langmuir waves into lower hybrid waves and in other cases
as wave coalescence involving pre-existing lower hybrid waves.
Khotyaintsev et al. (2001) and Lizunov et al. (2001) provide
support for this mechanism. LaBelle et al. (2010) studies 41
Langmuir bursts out of 1000 estimated to occur during the
TRICE rocket experiment launched to 1146 km from Norway
into the cusp. They confirm modulation frequencies ranging to
above 50 kHz but also find about 10% of events have modulation
frequencies below 1 kHz, near the limit of detectability in bursts
lasting tens of ms. They suggest interference of independently
generated Langmuir wave modes as the source of the
modulations. This is based on the statistical distribution of
electric fields in the waves, which at the low field end exhibits
a power-law spectrum. Li et al. (2010) show that such a
distribution is expected for a superposition of random modes.
Burinskaya et al. (2003) also suggest wave beating as the source of
structure in 1-40 mV/m Langmuir waves detected at 2-3.5 Earth
radii at high latitudes by the INTERBALL spacecraft. In contrast,
Boehm (1987) originally rejected superposition of independent
modes as being too improbable requiring too similar amplitudes
to produce nearly 100% modulations.

3.1.2 Polarization

Polarization is another aspect of in-situ observations of Langmuir
waves. Although, partly because of the large data rates involved,
relatively few instruments have measured multiple components
of the wave electric fields. McFadden et al. (1986) using
measurements of two components of electric field were able to
ascertain that the parallel field dominated, possibly by a factor of
three or more, in the low amplitude Langmuir waves they
measured. The TRICE sounding rocket launched into the cusp
from Norway obtained, via small baseline antennas, snapshots of
three components of electric field of waveforms at Langmuir wave
frequencies. Dombrowski et al. (2012) found that the nature of
the observed modulated Langmuir waves, in which the
modulation nulls and peaks were not aligned between all three
electric field components, could only be explained by mixing of
different polarizations of waves, including both linear and
elliptically polarized modes. Colpitts and LaBelle (2008) used
statistics of the spin dependence of Langmuir wave detection with
a single spinning electric field antenna, combined with Monte
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Carlo simulations, to probe the polarization of observed
Langmuir waves.

3.1.3 Wave-Particle Correlators

The relationship of auroral Langmuir waves to the causative
electron distribution, subject of linear theory tested by McFadden
et al. (1986) and Beghin et al. (1989), has been investigated more
deeply using large geometric factor particle instruments and/or
wave-particle correlators. Such instruments are designed to sort
detected electrons according to the phase of simultaneously
measured Langmuir waves, thereby probing the detailed wave-
particle interaction. Early versions of this type of experiment
detected various levels (5-30%) of modulations of 4-7 keV
electrons at megahertz frequencies, in some cases simultaneous
with detections of positive slopes in the electron distribution
functions (Spiger et al., 1976; Gough and Urban, 1983; Gough
et al., 1990).

Ergun et al. (1991b), using a wave-particle correlator that
sorted electrons according to the quadrant of the Langmuir wave
phase, detected electron bunching at the few percent level in the
fields of ~100mV/m, ~100ms Langmuir wave bursts,
establishing the resonant energy, hence obtaining the parallel
wavelength of 15 m. Ergun et al. (1991b) followed up by
determining that the electron bunching was in 0 or 180 phase
with the electric field, implying wave growth or damping.
Simulations suggested that growth/in-phase bunching should
be followed by trapping/quadrature bunching, but the latter
was not observed, perhaps due to stationarity issues, finite size
of the wave packet, or insufficient energy resolution as suggested
by Kletzing and Muschietti (2006), who showed that the trapping
signature is bimodal in energy and hence requires higher energy
resolution to detect. Kletzing et al. (2005, 2016) developed a wave-
particle correlator that sorted electrons into sixteen phase bins
locked to the Langmuir wave phase. The instruments were flown
on two sounding rockets (RACE and Charm-2) launched into the
nightside aurora from Alaska and found evidence of electron
bunching where the phase relation indicated trapping of electrons
in wave fields, in contrast to the result of Ergun et al. (1991b).

Figure 6 adapted from Kletzing et al. (2017) shows an
expanded view of 120 ms of data from the CHARM-2 rocket
flight. The top panel shows a 0-1 MHz spectrogram where a
monochromatic Langmuir wave emission slightly above 400 kHz
is observed. The middle panel shows a spectrogram of downgoing
electrons where a time-dispersed signature at energies below
500 eV is present. The bottom panel show outputs of the
wave-particle correlator for several energies of electrons within
the time-dispersed electron flux feature, with Langmuir wave
phase bin on the vertical axis and color scale representing
standard deviation. The latter is a measure of the degree of
electron bunching. Significant correlation is observed in many
of the energy channels. The phase bunching is positive near a
phase of 180 or 0 degrees relative to the electric potential,
indicating reactive phase bunching where electrons are trapped
in the wave field.

Dombrowski et al. (2019) analyzed 57 Langmuir wave bursts
from the CHARM-2 rocket flight, in which significant
correlations were detected between electrons and Langmuir
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wave phases. In their observations, signatures of energy exchange
slightly dominated over those of particle trapping. Moreover, they
observed that at times when the electron beam flux was increasing
with time, the phase of the electron bunching indicated energy
transfer from the electron beam to the waves, and at times when
the beam electron flux was decreasing, the reverse. Test particle
simulations showed that short term enhancements in the growth
or damping of the Langmuir waves due to time-of-flight effects on
the electron distribution could plausibly explain the observations.

3.1.4 Non-thermal Features of the Electron Distribution
Function as Signatures of Langmuir Turbulence
Among important signatures of Langmuir turbulence are non-
thermal features of the electron distribution function in the form
of energetic tails and accelerated suprathermal populations. The
non-thermal features are the consequences of nonlinear
stabilization of a beam-plasma system and are produced as the
parametric instabilities spread the wave energy in k-space from
kp ~ w./vy to lower and higher wavenumbers. The common
observations of electron velocity distributions with energetic
tails at energies above a beam in the solar wind (e.g., Ergun
et al.,, 1998; Fitzenreiter et al., 1998), for example, are reproduced
in Langmuir turbulence simulations based on the weak
turbulence theory. Here the tail formation is associated with
the dissipation of wave energy that is transferred to smaller
wavenumbers by the parametric decay and scattering processes
(Yoon et al., 2005, 2006; Ryu et al., 2007). This mechanism is
shown to be able to produce both symmetric and asymmetric
energetic tails (Gaelzer et al., 2008; Yoon et al., 2012a).
Suprathermal electron  populations at intermediate
energies—between thermal electrons and an energetic
beam—with fluxes larger than those predicted from collisional
interaction of the beam with the neutral atmosphere, are also
commonly observed by in-situ instruments in the auroral
ionosphere (e.g, Arnoldy and Choy, 1973; Reasoner and
Chappell, 1973; Bryant et al.,, 1978; Fung and Hoffman, 1988;
Ogasawara et al,, 2017). An explanation based on collisionless
beam-plasma interactions has been provided for such
observations. In this scenario, modulational instability
transfers the energy from beam-resonant waves to higher
wavenumbers (i.e, lower phase velocities), making energy
exchange possible between the electrostatic waves and the
electrons on the tail of the background population
(Papadopoulos and Coffey, 1974; Matthews et al., 1976).
Acceleration of electrons to suprathermal energies is also a
well-known process associated with the dissipation of collapsing
cavitons (e.g., Galeev et al., 1977a; Newman et al., 1990; Wang
etal., 1996). In this case, efficient energy exchange could occur as
electrons pass through the intense wave packets that are localized
in density cavities. Electron acceleration occurs provided that the
phase of a Langmuir oscillation during the energy exchange is
such that it leads to a net energy gain for the particle. Generation
of a suprathermal tail by Langmuir turbulence consisting of
collapsing cavitons is an important outcome in the
ionospheric modification (heating) experiments. In these
experiments, high-power, high-frequency (HF) electromagnetic
waves, that is injected into the bottom-side F region, artificially
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FIGURE 7 | Adapted from Isham et al. (2012): Results from a one-
dimensional simulation with plasma parameters of the auroral F region. The
spectra of up and down-going Langmuir and ion-acoustic waves are
calculated for a wavelength of about 0.67 m (k =~ 9.4 m™),

approximately matching the Bragg backscatter condition of the European
Incoherent Scatter Scientific Association (EISCAT) 224-MHz radar located
near Tromsg, Norway. Modification of the spectra due to Langmuir turbulence
produced by downward-going beams of electrons at beam energies of 18,
42,75, and 170 eV are shown. The appearance of the zero-frequency peak in
the ion-acoustic channel and the broadened spectral peaks associated with
Langmuir waves are signatures of caviton formation and wave collapse.
Avp/vp = 0.3 and np/ng = 2 x 10~5 are adopted for the beams. The
parameters result in P = 0.09, corresponding to the kinetic regime of beam-
plasma instability. The numbers at the top right section of each panel indicate
the peak value of each spectrum.

induce Langmuir turbulence, heating the plasma and accelerating
electrons (e.g., DuBois et al,, 1990, 1993; Isham et al, 1999
Mishin et al., 2004). Collisional interaction of the accelerated
electrons with neutral species then produces enhanced ionization
and artificial aurora that are detectable with ground-based
incoherent scatter radars and optical instruments (e.g., Carlson
et al., 1982; Bernhardt et al., 1989; Mishin et al., 2004; Pedersen
et al., 2010; Mishin and Pedersen, 2011; Eliasson et al., 2012).

3.2 Ground-Based Observations

Over the past decade or two, a type of anomalous non-thermal
echo from the F region auroral ionosphere has been detected by
various incoherent scatter radars (ISRs) (e.g., Stromme et al,
2005; Ekeberg et al., 2010; Akbari et al., 2012; Isham et al., 2012;
Schlatter et al., 2014; Akbari et al., 2016). The echoes are often
characterized by simultaneous enhancement of spectral peaks in
the ISR spectrum that are associated with ion-acoustic and
Langmuir waves. They, therefore, indicate the occurrence of
naturally produced Langmuir turbulence within the plasma
volume illuminated by the radar pulse.

A detailed description of the incoherent scatter radar theory
will not be provided here. The following brief description is,
however, necessary to provide a proper context for the results
presented in this section. For a detailed description of the ISR
theory, readers are referred to a review by Akbari et al. (2017)
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FIGURE 8 | Adapted from Isham et al. (2012): Range-Time-Intensity plot of received power associated with ion-acoustic (middle) and down- and up-going
Langmuir waves (left and right, respectively) obtained by the EISCAT 224-MHz radar on November 11, 1999. The simultaneous amplification of ion-acoustic and
Langmuir waves is a signature of Langmuir turbulence.

which focuses on Langmuir wave observations by incoherent
scatter radars and their numerous applications in ionospheric
studies. The fundamental measurement of an incoherent scatter
radar is the ISR spectrum. The ISR spectrum is directly related to
the frequency spectrum of plasma density fluctuations at a single
spatial Fourier component (wavenumber). It is, therefore, related
to a cut through the electrostatic dispersion surface along a single
wave vector k = Ketection» Where Kgetection is determined by the
radar’s geometry and operating frequency. The electrostatic
solutions of the plasma dispersion relation—such as the ion-
acoustic and Langmuir waves—then appear in the ISR spectrum
as spectral peaks at frequency offsets that satisfy the relevant
dispersion relations for the specific k. Example simulated ISR
spectra associated with a thermal plasma are shown in the top
panels of Figure 7 (from Isham et al., 2012). The spectra include
two resonance lines associated with up- and down-going (more
accurately, propagating away and toward the radar) ion-acoustic
waves which are closely located in the vicinity of zero Doppler
frequency (see top row, middle panel in Figure 7) and two
resonance lines associated with up- and down-going Langmuir
waves with offset Doppler frequencies of about —f, and +f,,
respectively. In the presence of a beam-generated Langmuir
turbulence (shown in other panels of Figure 7) the resonance
lines may be significantly enhanced due to amplification of ion-
acoustic and Langmuir waves, and additional features, associated
with caviton formation and collapse, may appear in the spectra.
The latter signatures may appear in the form of a central peak at
zero Doppler and a broadened or additional spectral peaks in the
vicinity of +f,.

Figure 8, from Isham et al. (2012), shows example ISR data,
obtained by the European Incoherent Scatter Scientific
Association (EISCAT) 224-MHz radar on November 11,
1999, for a single radar beam in B || direction. Shown are the
total scattered power associated with Langmuir and ion-
acoustic waves—i.e., the area under the power spectral
density features—as a function of altitude and time. Several
distinct sources of scattering can be identified. The dark
background in the ion-acoustic channel is backscatter from
thermal-level ion-acoustic waves. The repeated 10-s-long
enhancements seen in all three channels at about 225 and

125km  before and after 18:18:30, respectively, are
experimental features irrelevant to our discussions. The
intense features occurring between 18:18:30 and 18:20:30 UT
near 300 km and at 18:23:30 UT near 250 km are backscatter
signals associated with amplified Langmuir and ion-acoustic
waves which indicate the occurrence of parametric decay
instability in the local plasma. Echoes similar to those
detected by the 224-MHz EISCAT VHF radar, at the
detecting wavenumber |k| ~9.4 m™!, have also been
commonly observed by other radars, including the 500-MHz
EISCAT Svalbard radar at |k| ~21 m™ (e.g., Stromme et al.,
2005; Ekeberg et al., 2010; Schlatter et al., 2014), the 931-MHz
EISCAT UHF radar at |k| ~ 39 m™! (e.g., Schlatter et al., 2013),
and the 450-MHz Poker Flat Incoherent Scatter Radar (PFISR)
at|k| ~ 19 m™' (e.g., Akbari et al., 2012; Michell et al., 2014). For
the rest of this manuscript, such coherent echoes are referred to
as ‘Langmuir turbulence echoes’ or ‘LT echoes’. In addition to
the simultaneous amplification of ion-acoustic and Langmuir
waves, many observations, commonly include important
spectral details (not shown here) such as additional peaks in
the ISR spectra at zero Doppler frequency and in the vicinity of
the local plasma frequency (Akbari et al., 2012; Isham et al,,
2012; Schlatter et al., 2013, 2014; Akbari et al., 2016), similar to
the simulation results shown in Figure 7 when electron beams
are included. Such spectral features are signatures of Langmuir
wave collapse which involve stationary (thus, resulting in a zero
Doppler shift) ion density cavities in which Langmuir waves are
trapped. These experimental features are considered as the first
conclusive evidence of naturally induced Langmuir collapse
anywhere in space plasmas.

ISR experimental features very similar to those shown in
Figures 7 and 8 are also commonly obtained in ionospheric
modification experiments, where Langmuir turbulence and wave
collapse are artificially induced in the ionosphere by the injection
of powerful high frequency electromagnetic waves (e.g., DuBois
et al., 1990, 1993; Isham et al., 1999). A difference between the
results discussed in this review and those from ionospheric
heating experiments is the source of the free energy for the
turbulence—which for the case of natural turbulence, is
thought be the magnetosphere-origin electron beams.
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FIGURE 9 | Adapted from Semeter et al. (2008) and Akbari et al. (2012):
Auroral morphologies recorded by a high-speed, high-resolution optical
imager when coherent echoes appeared in the Poker Flat incoherent scatter
radar’s field of view (represented by the white circles) on March 23,

2007. The auroral arcs in panels a and b consist of small-scale features,
thought to be associated with dispersive-scale Alfvén waves, and are
recorded at times when the radar detected LT echoes. The auroral
morphology in panel ¢ is different than those in panels (A) and (B). At the time
of this image, the radar detected a type of coherent echo known as the
Naturally Enhanced lon Acoustic Line.

Correlating LT echoes with optical images of the aurora
reveals that natural Langmuir turbulence underlying radar
echoes may occur on the edge of auroral arcs and just outside
of regions of energetic electron precipitation (Akbari et al., 2013).
Two examples are shown in Figures 9A,B—here, the optical
images are recorded when LT echoes appear in the field of view of
the Poker Flat incoherent scatter radar, represented by the white
circles. Analysis of high-speed ground-based auroral imagery
often indicates the presence of dispersive-scale Alfvén waves at
the time of LT echoes, suggesting a relationship between the two.
The signatures of dispersive-scale Alfvén waves are seen in
Figures 9A,B in the form of small-scale structures of the
auroral arcs (Semeter and Blixt, 2006; Semeter et al., 2008).
Association of LT echoes with auroral forms is further studied
by Michell and Samara (2013) and Michell et al. (2014), where
correlation with active arcs consisting of small-scale features
similar to those shown in Figures 9A,B is found. Some radar
studies, furthermore, find a correlation between coherent echoes
and high-energy flux of precipitating electrons which produce
enhanced E region ionization (e.g., Dahlgren et al., 2017). In
Figure 9, the auroral morphology shown in panel c is different
than those in the left two panels. At the time of this image, the
radar detected a type of coherent echo known as the Naturally
Enhanced Ion Acoustic Line. This will be further discussed in the
following. For more discussions on Figure 9 and the detected
radar echoes see the original referenced work.

The radar echoes underlying the natural Langmuir turbulence
are primarily observed in radar beam directions parallel to the
magnetic field. They are often observed in thin layers (thickness
of <10km) at or close to the F region peak between 200 and
300 km and are occasionally accompanied by a secondary layer
some tens of km below the main layer (e.g. Akbari et al., 2013;
Michell et al., 2014; Schlatter et al., 2014). Such localization of the
turbulence in multiple thin layers is very intriguing and requires
an explanation. The duration of the echoes is typically only a few
seconds in radar’s field-of-view but events lasting as long as
several minutes have been observed. In an apparent contradiction
to the explanation of the radar signatures in terms of Langmuir

Langmuir Turbulence in the lonosphere

turbulence, often a one-to-one correlation between enhanced
echoes associated with amplified Langmuir and ion-acoustic
waves is not observed. In Figure 8, for example, the enhanced
signals associated with Langmuir waves between 18:23:30 and 18:
24:00 are not accompanied by an enhancement in the middle
panel. A statistical study by Schlatter et al. (2014), using a dataset
collected by the 500-MHz European Incoherent Scatter Svalbard
Radar, shows that only about 25% of ion-acoustic echoes are
accompanied by Langmuir echoes (provided that the frequency of
the Langmuir waves fall within the pass-band of the receive
channels). The lack of one-to-one correlation between
enhanced ion-acoustic and Langmuir waves, however, may
arise from the wavenumber matching requirement for
detecting wave activities by radars, combined with the fact
that ion-acoustic and Langmuir involved in a
parametric decay instability have different wavenumbers—all
of which may not satisfy kyave = Kdetection- Schlatter et al.
(2014), furthermore, find a maximum occurrence rate of
~0.09% for LT echoes at 21 Magnetic Local Time (MLT). The
occurrence rate is shown to increase with geomagnetic activity to
~0.6% for the Kelvin (K) index of 5. This maximum detection rate
is small compared to the detection rate of Langmuir waves by in-
situ instruments and is most likely due to the strict detection
criteria of radars.

Based on experimental evidence that Langmuir turbulence
echoes appear at altitudes where the vertical background plasma
density gradient is minimal—i.e., at the peak of the F region and
the valley between the E and F regions—a potential explanation
for the localization of the turbulence in thin layers has been
described by Akbari et al. (2013). They argue that, while
destabilizing features of electron beams may exist on a given
field line over an extended altitude range, propagation of waves in
avertical plasma density gradient, which leads to a change in their
phase velocity, could drive the waves out of resonance with
electron beams, limiting wave growth. Given the group
velocity of Langmuir waves and the parameters of the auroral
ionosphere, waves could fall out of resonance within tens of
milliseconds. This is comparable to the timescales of quasi-linear
beam flattening and those of nonlinear wave-wave interactions in
the F region. Outside of the turbulence layer, therefore, the
amplitude of Langmuir waves likely remains small. When the
plasma density gradient is negligible, Langmuir waves may grow
to large amplitudes and produce a broadband turbulence that is
detectable by incoherent scatter radars. A similar mechanism,
based on variations of the background density gradient, has been
considered in the auroral E region to explain thin layers of
enhanced ionospheric response during electron precipitation
events (Voronkov and Mishin, 1993; Mishin and Khazanov,
2006).

Propagation of Langmuir waves in density gradient outside of
the turbulence layers can eventually lead to linear mode
conversion of the waves into electromagnetic radiation. LaBelle
(2011) proposed a scenario where Langmuir waves driven in the
topside ionosphere by low-energy electron beams of a few
hundred eV, propagate downward to regions of higher plasma
density and linearly convert to radiation when they cross the
dispersion relation of the LO-mode at small wavenumber. This

waves
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FIGURE 10 | Adapted from Akbari et al. (2013): Correlation of Langmuir turbulence echoes and MF Burst. (A) Range-Time-Intensity plot of received power in the
ion line channel from the Poker Flat incoherent scatter radar, showing the occurrence of coherent echoes in three intervals on April 5, 2012. (B) Spectrogram of natural
electromagnetic emissions recorded at Toolik Lake, AK. For aiding the comparison, the locations of the LT echoes are marked on the two panels with orange bars.
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scenario is proposed as an underlying generation mechanism for
the “medium frequency burst (MF burst)’—an impulsive,
broadband emission at 1.3-4.5 MHz often detected via ground-
based electromagnetic receivers at the onset of substorms
(Weatherwax et al.,, 1994; LaBelle, 2011; Broughton et al., 2014).
Interestingly, LT echoes and medium frequency bursts have
simultaneously been detected by the Poker Flat incoherent
scatter radar and electromagnetic receivers located in Alaska.
An example, obtained on April 5, 2012, is shown in Figure 10.
Figure 10A presents a Range-Time-Intensity plot of the received
power in the ion line channel where coherent echoes are observed
during three intervals, marked by orange bars, at 250-400 km.
Here, the intermittent enhanced power below 200 km is due to
increased E region ionization by energetic electron precipitation.
Figure 10B shows spectrogram of natural electromagnetic
emissions recorded at Toolik Lake, AK at the time of the radar
data. Four types of EM emissions occur sporadically during the
one-hour interval. The emissions include 2f, and 3f; auroral roars,
which are narrowband emissions near 2.9 and 4.0 MHz presumed
to result from upper-hybrid waves; auroral Hiss at frequencies
below 1 MHz; and four occurrences of auroral MF burst, exceeding
2 min duration and spanning approximately 2.9-3.3 MHz. Two of
the three radar echoes detected with the PFISR, centered at 8:49
and 9:03 UT, coincide with two of the four MF burst events.
However, considering the vastly different conditions under
which Langmuir turbulence and MF Burst are detected, the
correlation between the two phenomena is difficult to establish.
Conversion of Langmuir waves to LO-mode waves through the
window for parallel propagation at f =f, may also explain
narrowband signals, perhaps related to MEF-burst, observed
occasionally at South Pole Station (Broughton et al, 2014).
Ground-based studies provide some support for this mechanism
(e.g., Broughton et al., 2012; Burnett and LaBelle, 2020), but it has
yet to be confirmed with in-situ data.

It was discussed in this section that a collection of ground-
based observations from incoherent scatter radars, high-speed,
high-resolution auroral imagers, and electromagnetic receivers
have the potential to uncover a range of complex micro-scale

plasma processes that occur in the ionosphere—topics that have
historically been investigated via in-situ measurements. In the
discussion section below, we combine the understandings from
the in-situ and ground-based observations and discuss several
open questions regarding the origin and effects of Langmuir
turbulence in the ionosphere.

4 DISCUSSION OF SEVERAL OPEN
QUESTIONS

Observations of Langmuir turbulence with in-situ instruments and
incoherent scatter radars are in many cases complementary. This is
due to the widely different natures of the measurement techniques.
The most important differences arise from the fact that radars only
sense a single spatial Fourier component of the plasma density
fluctuations. Wave activities at different scales, regardless of their
intensity, remain undetectable to the radar. This is a strong contrast
to in-situ measurements where attention is often focused on the
strongest temporal/spectral components of the measured signal. The
inherent sensitivity of radars to wavenumber allows to precisely
determine the phase velocity, v4 = @/kgetection» 0f the detected waves
and thus the energy of the Landau resonant electrons E = %mevé.
Such calculations generally indicate that Langmuir waves underlying
LT echoes are in direct energy exchange with low energy electrons in
the range ~5-20 eV. Langmuir waves generated by a more energetic
electron beam would obtain wavenumbers smaller than
kdetection—from which the energy is expected to transfer to yet
smaller wavenumber via parametric decay, bypassing detection
by radars. The detection of turbulence by incoherent scatter
radars would then require a mechanism to transfer the energy to
larger wavenumbers—perhaps via Langmuir collapse.

The apparent inconsistency between the common detection of
signatures of collapse in radar data and the lack of such
observations in in-sifu measurements may have its roots in the
altitude of various observations. Radar echoes are consistently
observed in the vicinity of the F region peak where the local
plasma frequency is often a factor of 2-3 greater than the electron
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gyro-frequency of ), = 1.5 MHz. At higher altitudes, the domain
of many in-situ observations, plasma frequency could drop to
below the electron gyrofrequency, where collapse is inhibited by
the altered topology of the Langmuir dispersion relation. The
effect of the enhanced damping introduced by the suprathermal
electrons exits at both the altitudes of the radar observations and
in-situ measurements. The enhanced damping could truncate the
cascade of parametric decays, preventing the transfer of energy to
k = 0 where collapse may initiate via the modulational instability.
This, however, may be a secondary issue since as was discussed in
Section 2.2, modulational instability at small wavenumbers is not
the only path to collapse. Nucleation in density cavities and direct
wave collapse of sufficiently intense Langmuir waves (for which
W > (kAp)?) (Nicholson and Goldman, 1978) can still lead to
wave collapse at larger wavenumbers.

Another curious aspect of Langmuir wave observations in the
auroral ionosphere is the near-complete absence of harmonic
wave detection at multiples of plasma frequency. An exception to
this is the study of Boehm (1987) where they detected short (~1 s)
intervals of waves near 2f, in the presence of Langmuir waves
when 2f, matched the cyclotron frequency. They found the
observations to be consistent with second harmonic generation
in the upper-hybrid mode just above f.. Electrostatic or
electromagnetic harmonic waves at multiples of f, are
commonly observed during intense Langmuir wave events in
type III radio burst source regions as well as in planetary
foreshocks (e.g., Kellogg et al, 2010; Malaspina et al., 2010,
and references therein). A diverse range of mechanisms has
been proposed to explain the harmonic fields. These include
electromagnetic emission by coalesce of oppositely-directed
Langmuir waves (e.g., Cairns and Melrose, 1985; Cairns,
1987), electrostatic Langmuir wave harmonic generation (e.g.,
Klimas, 1983; Gaelzer et al., 2003; Umeda et al., 2003; Yoon et al.,
2003), electromagnetic emission from collapsing cavitons (Galeev
and Krasnoselskikh, 1976; Goldman et al., 1980; Akimoto et al.,
1988), antenna radiation (Papadopoulos and Freund, 1978;
Malaspina et al., 2013), electron trapping (Kellogg et al., 2010),
and wave rectification in spacecraft’s plasma sheath (Boehm et al.,
1994; Graham et al.,, 2014).

With respect to the source of free energy for Langmuir
turbulence in the ionosphere, in-situ measurements have
shown that intense Langmuir waves are often associated with
dispersive, field-aligned electron bursts that are accelerated by
inertial Alfvén waves. On the other hand, conjugate
measurements by radars and high-resolution optical imagers
have shown that LT echoes are associated with dynamic small-
scale auroral structures likely related to dispersive-scale Alfvén
waves (see Figures 9A,B). Results from one-dimensional
Zakharov simulations suggest that the measured ISR spectra
are best reproduced numerically when the modeled electron
beams extend a positive slope to energies as low as 5 eV, such
that ion-acoustic waves are induced by parametric decays at
wavenumbers greater than Kgetection (Akbari et al., 2015). Such
low energy components of an electron beam, however, would
likely be significantly modified by collisions at altitudes of some
radar observations between 180 and 300 km. This leads to a
speculation that perhaps an unstable feature of the electron
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distribution function which eventually gives rise to LT echoes
is produced locally at ionospheric heights in response to electron
precipitation (Akbari et al., 2015). Such a speculation, however, is
not backed with concrete evidence. The source of the free energy
for the turbulence, thus, remains unknown.

As a result of several decades of experimental, theoretical, and
numerical investigations, various aspects of Langmuir wave
observations in the ijonosphere—including their evolution into
turbulence and their interactions with the streaming and the
background electrons—are now reasonably understood. Less
understood, however, are the possible consequences of the
micro-scale processes for the ionosphere on a larger scale. Often
mentioned in the literature, is the role of Langmuir waves in the
energy exchange chain, in which a part of energy carried by energetic
electrons become available to the background particles via excitation
of Langmuir waves, their decay into other wave modes, and the
subsequent damping (e.g., Beghin et al., 1989; Kintner et al., 1995;
Stasiewicz et al.,, 1996; Lizunov et al., 2001; Singh et al., 2001). The
applicability of these scenarios to the plasma of the F region
ionosphere is open to investigation thanks to the spatiotemporal
context that is provided by ground-based instruments.

Examination of several events where enhanced Langmuir and
ion-acoustic signatures continuously persist in radar’s field of
view for several minutes reveals that the bulk of the ionospheric
plasma in the vicinity of the turbulence layers, is not significantly
affected by the turbulence—that is, no significant change in the
background electron temperature, ion temperature, or bulk
plasma drift at altitudes above the layers are observed. It is,
however, not clear whether the lack of ionospheric response is
due to the nature of the instabilities, the energetics of the process,
or a limited spatial extent over which they exist. Conjugate
auroral imagery at the time of echoes indicates that similar
optical morphologies observed on the magnetic field lines
probed by the radar often exists over a wider spatial extent in
field-perpendicular directions. This, however, does not
necessarily imply that the turbulence is active over the same
spatial extents. Answering this question would ideally require in-
situ measurements from within the turbulence layers.

An ionospheric phenomenon that is potentially relevant to the
discussions above is the so-called ‘Naturally Enhanced Ion
Acoustic Lines (NEIALs). NEIAL—a well-known terminology
in the incoherent scatter radar community—refers to the
sudden intensification of the ion-acoustic peaks in the ISR
spectrum. At high-latitudes, NEIALs are often detected along
the magnetic field lines over an extended altitude range (several
hundred km). An example is shown in the left panels of Figure 11
where received backscatter power in the ion line channel is shown
for three radar beam directions within two degrees from || B. The
streaks with power >10 dB are all NEIALs. Similar to the low-
frequency components of the Langmuir turbulence echoes,
NEIALs are manifestations of large-amplitude ion-acoustic
waves. The two types of echoes, however, are easily
distinguished given the different altitudinal and spectral features
they pose (see for example Michell et al. (2014).) Several
mechanisms have been proposed to explain the occurrence of
NEIALs—each of which remains plausible. These include the
electron-ion streaming instability (Foster et al., 1988), ion-ion
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FIGURE 11 | Adapted from Dahigren et al. (2013) and Akbari and Semeter (2014): Naturally Enhanced lon Acoustic Lines and conjugate auroral features. The left
panels show the Range-Time-Intensity plots of received power in the ion line channel for three radar beams during a period when a substorm expansion crossed through
the PFISR beam configuration. Mentioned in parentheses are angles with respect to the magnetic-zenith. The right panel shows an image captured by a high-speed,
high-resolution imager at 10:06:12.040 UT, marked by the vertical line in the left panels. Example optical features identified as ‘A’ and ‘B’ show flaming motion in the
radial direction with respect to the red circle which marks the location of the magnetic zenith over Poker Flat, AK. A video of a sequence of optical images are available

:06:12.040 (UT)

streaming instability (Wahlund et al., 1992a), ion cyclotron waves
(Bahcivan and Cosgrove, 2008), as well as the parametric decay of
beam-generated Langmuir waves (Forme, 1993). The plausibility of
a number of these mechanisms is discussed in a review by
Sedgemore-Schulthess and Maurice (2001).

Despite the fact that enhanced Langmuir waves are generally
not detected in conjunction with NEIALs (potentially, due to
the different wavenumbers of Langmuir and ion-acoustic waves
involved in a parametric decay), the plausibility of the latter
mechanism has been demonstrated by several theoretical and
numerical works (Forme, 1999; Kontar and Pécseli, 2005; Guio
and Forme, 2006; Sullivan et al., 2008; Pavan et al., 2010; Diaz
et al., 2011; Ziebell et al., 2011; Diaz et al., 2012). An evidence
suggesting a connection between Langmuir waves and NEIALs
comes from conjugate optical and radar observations. Such
observations have shown that NEIALs are detected
association with aurora that contains large fluxes of low
energy electrons as well as optical features often referred to
as the “flaming” aurora (Blixt et al., 2005; Dahlgren et al., 2013;
Michell et al., 2014). An example of the latter is shown in the
right panel of Figure 11. The flaming aurora—the apparent
upward motion of localized auroral features along the magnetic
field lines—is the optical manifestation of field-aligned
dispersive electron bursts where a flux of high energy
electrons reach the ionosphere first, depositing energy at
lower altitudes, followed by less energetic electrons which
increasingly deposit energy at higher altitudes. As discussed
in the previous section, field-aligned electron bursts are linked
to large-amplitude Langmuir waves and their nonlinear
evolution in the auroral ionosphere. In Figure 11A,
significant variations in the backscatter power are observed
from beam to beam. The echoes at higher altitudes
(>250km) in the magnetic zenith beam (top panel) are less
pronounced at 1° offset and almost completely disappear at 2°
offset. This is consistent with a generation mechanism based on
parametric decay of Langmuir waves—which has been shown,

in

theoretical and experimentally, to be confined within small
angles from the magnetic field direction.

One significance of NEIALs is their relation with strong
modification of the bulk ionospheric plasma. NEIALs are often
observed along with significant electron temperature
enhancements, up to 8000 K, and upward motion of cold ions
with velocities in excess of 0.5 km/s (Wahlund et al., 1992b; Forme
et al,, 1995; Forme and Fontaine, 1999; Ogawa et al., 2000). It has
been suggested that the enhanced electron heating and the ion up-
flow may be direct consequences of the turbulence (e.g., Wahlund
et al., 1993; Forme et al., 1993). NEIALs are, therefore, reminders
that the micro-scale processes that are discussed in this review may
have larger-scale effects on the bulk ionospheric plasma. Regardless
of such effects, however, the extremely rich range of plasma
processes that are involved—which are relevant to observations
in many space and astrophysical plasmas far from Earth, including
planetary foreshocks (e.g., Robinson and Newman, 1991; Thiessen
and Kellogg, 1993), the solar wind (e.g., Thejappa et al., 2012a, b;
Graham et al,, 2012; Graham and Cairns, 2014), the lower solar
corona (e.g., Nulsen et al., 2007), and pulsar magnetospheres (e.g.,
Asseo and Porzio, 2006)—themselves, underline their importance
and justify and call for more focused investigations.
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