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3.1. INTRODUCTION

Ionospheric heating experiments have enabled an 
e xploration of the ionosphere as a large‐scale natural 
l aboratory for the study of many plasma processes. These 
experiments inject high‐frequency (HF) radio waves using 
high‐power transmitters and an array of ground‐ and 
space‐based diagnostics. The heating of the plasma has 
led to many new phenomena such as modulation of 
the  ionospheric current system and generation of low‐
f requency electromagnetic radiation [Papadopoulos et al., 
1989; 2011a, b; Stubbe, 1996], stimulated emissions [Leyser, 
2001], plasma waves and turbulence [Guzdar et al., 2000], 
small‐scale irregularities or striations [Mishin et al., 2004], 
and pump‐induced optical processes [Bernhardt et al., 
1989; Pedersen et al., 2009]. Among the ionospheric heat
ing facilities worldwide, the High Frequency Active 
Auroral Research Program (HAARP) located at Gakona, 
Alaska, has the highest power HF transmitter and a 
c omprehensive set of diagnostics. The transmitter array 
of 180 crossed dipoles that are arranged in a 12 by 15 
r ectangular grid are phased together to produce up to 
3.6 MW of radiated power in a band from 2.8 to 10 MHz. 
The HF heating experiments conducted using HAARP 
facility has generated low‐frequency waves [Papadopoulos 
et al., 2011a, b] in all the three ranges, namely ultra low 
f requency (ULF, <10 Hz), extremely low frequency (ELF, 
0.3–3 kHz), and very low frequency (VLF, 3–30 kHz).

The low‐frequency waves generated in the ionosphere 
during heating experiments with modulated HF waves 
(1–10 MHz) originate from multiple physical mecha
nisms that operate at different altitudes and conditions. 
A mechanism that is already demonstrated is the modu
lation of  the D/E region conductivity by modulated HF 
heating, and this requires the presence of  an electrojet 
current, namely the auroral electrojet. The associated 
modification of  the electrojet current creates an effec
tive antenna radiating at the m odulation frequency 
[Stubbe et al., 1981; Papadopoulos et al., 1989; Stubbe, 
1996]. This mechanism of  low‐frequency wave genera
tion by a modulated heating of  the auroral electrojet, at 
~80 km altitude in the D/E region, is referred to as the 
polar electrojet (PEJ) antenna. In another mechanism, 
modulated HF waves heat the plasma in the F region, 
producing a local hot spot and thus a region of  strong 
gradient in the plasma pressure. This induces a diamag
netic current on  the time scale of  the modulation fre
quency, which excites the hydromagnetic waves. In this 
mechanism, there is no quasi‐steady or background cur
rent, and the wave excitation is c ontrolled, for example, 
by the plasma conditions, HF modulation frequency, 
and size of  the heated region. This is the mechanism 
that has been s tudied in simulations of  the high‐latitude 
ionosphere [Papadopoulos et al., 2011a; Eliasson et al., 
2012] for conditions typically corresponding to the 
HAARP f acility. Experiments at HAARP have verified 
this mechanism and provided details of  the key features 
[Papadopoulos et al., 2011b]. Another mechanism for 
generating low‐frequency waves in the ELF range was 
motivated by observations from the DEMETER satel
lite during experiments at HAARP with no modulation 
of  the HF power. These waves have been identified as 
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whistlers with frequencies close to that of  lower hybrid 
waves and generated by parametric p rocesses [Vartanyan 
et al., 2016]. The mid‐latitude ionosphere has no steady 
large‐scale current or electrojet, and modulated HF 
heating is expected to generate low‐f requency waves due 
to the processes similar to those of  the high‐latitude 
ionosphere. Numerical simulations of  the modulated 
heating in the mid‐latitude ionosphere show that the 
geometry of  Earth’s dipole field plays an important role 
in their propagation to the magnetosphere [Sharma 
et al., 2016]. The excitation and propagation of  low‐ 
frequency waves in HF heating of  the ionosphere is pre
sented in this chapter. The theoretical aspects and the 
associated models and simulations, and the results 
from experiments, mostly from the HAARP facility, are 
p resented together to provide a comprehensive inter
pretation of  the relevant plasma processes. The chapter 
is organized as follows. Section 3.2 presents the plasma 
model of  the ionosphere for describing the physical 
p rocesses during HF heating, the numerical code, and 
the simulations of  the excitation of  low‐frequency waves 
by HF heating. The simulations of  the high‐ and mid‐
l atitude ionosphere are presented in Sections 3.3 and 
3.4, respectively. The role of  kinetic processes associated 
with wave generation is briefly discussed in Section 3.5, 
and the main conclusions of  the chapter are presented 
in Section 3.6.

3.2. MODELING LOW‐FREQUENCY WAVES 
IN HF HEATING

The hydromagnetic waves in the ionosphere can be 
described, in general, by the MHD model, in which all 
plasma species are magnetized. The main characteristics 
of the ionospheric plasma are shown in Figure 3.1. The 
ionosphere has a density maximum and the correspond
ing Alfvén speed minimum at an altitude of ~300 km. At 
high‐latitude conditions, the geomagnetic field is directed 
vertically downward. In the E region altitudes of 80 to 
120 km, where the ion‐neutral collision frequency νin is 
larger than the ion cyclotron frequency ωci, the ions are 
strongly coupled to the neutrals, and the Hall conductiv
ity dominates the dynamics. The dominant low‐frequency 
mode is the helicon mode [Greifinger, 1972; Papadopoulos 
et al., 1994; Zhou et al., 1996], which is the low‐frequency 
( ci) branch of the whistler wave, and it is carried by 
the electrons, since the ions are essentially immobile due 
to their strong coupling to the neutrals. In this region, the 
Hall conductivity σH dominates the Pedersen conduc
tivity σP. This altitude dependence of the conductivities 
has important consequences in the propagation of waves, 
namely mode conversion between magnetosonic and 
shear Alfvén waves [Hughes, 1983].

The propagation of low‐frequency waves ( ci ce) 
in the ionosphere is described by using a collisional 
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Figure 3.1 Sketch of the ionosphere (above z = 100 km, with free space below and a conducting ground) and 
the regions characterized by the relative magnitudes of the Hall (σH) and Pederson (σP) conductivities. The space‐
dependent geomagnetic field B0 magnetizes the plasma. The heated region is located in the F region at an altitude 
of 300 km. From Eliasson et al. [2012].
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Hall–MHD model of the plasma. Neglecting the electron 
inertia, we can write the momentum equation governing 
the electron flow velocity ve in the electric filed E and mag
netic fields B as

 
0 0

0

e
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ne
e en e

eE v B v  (3.1)

where P t n T te e( , ) ( , )r r0  represents the modulated 
e lectron pressure due to local heating, n is the electron 
density, Te(r, t) is the electron temperature in energy 
units, νen(r) is the electron‐neutral collision frequency, e 
is the magnitude of  the electron charge, and me is the 
electron mass.

The ion fluid velocity vi is governed by the ion momen
tum equation
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where νin is the ion‐neutral collision frequency and mi is 
the ion mass. The electric and magnetic fields are g overned 
by Faraday’s and Ampère’s laws
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and

 B r v v0 0en i e  (3.4)

where μ0 is the magnetic permeability in vacuum. The 
plasma is considered quasi‐neutral with equal electron 
and ion number densities.

The heating of the ionosphere by HF waves from 
ground transmitters involves many physical processes 
with a wide range of space and time scales. On the short
est scales, the large‐amplitude HF waves act as pump 
waves for wave–wave coupling and stimulated processes. 
The stimulated electromagnetic emissions (SEE) have 
f requencies around the pump wave and have been studied 
extensively through theory, numerical simulations, and 
experiments [Leyser, 2001]. The pump wave frequency is 
t ypically a few MHz and near the electron plasma 
f requency in the pump waveplasma interaction region 
and the SEE covers a typical spectral width of roughly 
±100 kHz. The nonlinear interaction among the wave 
modes with the pump wave also leads to secondary elec
tromagnetic radiation in the VLF, ELF, and ULF bands 
at much lower frequencies [Barr, 1998]. A pump wave 
excited process at the highest frequencies leads to 

 emissions at optical f requencies, observed in HF pump‐
enhanced airglow [Bernhardt et al., 1989].

On longer space and time scales, the HF pump drives 
processes through the ponderomotive and thermal 
n onlinearities [Gurevich, 2007] and results in phenomena 
such as self‐focusing instabilities. Early observations of 
the effects of HF waves showed self‐focusing of electro
magnetic waves in the ionosphere, and these are attributed 
to the thermal self‐focusing instability [Guzdar et al., 
2000]. The structuring of the ionospheric plasma into 
field‐aligned striations is one of the important phenom
ena in HF heating experiments, with the transverse size 
ranging from less than 1 m to more than 1 km and field‐
aligned length of ~10 km.

The plasma physics of HF heating thus involves a 
m ultitude of processes, including the pumping of high‐
frequency upper‐hybrid and plasma waves and the result
ing turbulence, and trapping in the striations. The 
striations themselves get bunched together, generating 
larger scale structures. In these interactions the electrons 
gain energy, through the formation of high‐energy tails 
and subsequent thermalization [Mishin et al., 2004]. On 
the scales relevant to the low‐frequency waves, the various 
processes due to the HF waves result in a local region with 
enhanced temperature, and the size and duration of HF 
heating are determined by the beam size and modulation 
frequency, respectively. The processes at such the short 
scales do not play a direct role in this study. In the volume‐
averaged picture we use, the heated region is modeled as a 
region of enhanced electron pressure Pe. In our numerical 
model, the electron temperature is assumed to have a 
Gaussian profile and with azimuthal symmetry:
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where Tmod is the modulation amplitude of the electron 
temperature, Dt is the rise time, Lr is the width in the plane 
at z = zo, Lz is the vertical width of the heated region, and 
the heating is modulated at frequency ω. As in Eliasson 
et al. [2012], the slow mean temperature increase due to 
the HF heating is neglected because it does not contrib
ute significantly to the wave dynamics. The actual form 
of the heated region, as well as the background magnetic 
field changes with the latitude of the heated region, are 
discussed in the following sections.

For the study of wave excitation and propagation, it is 
convenient to use the plasma conductivity tensors obtained 
from the linearized equations. The conductivity along 
the   magnetic field 



 is determined by the electron and  
ion mobilities, and the high parallel conductivity serves to 
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short circuit the parallel electric field. The Hall conductivity 
σH dominates over the Pedersen conductivity σP in the D and 
E regions, and the reverse is the case at higher altitudes.

For one ion specie, the Pedersen, Hall, and parallel 
conductivities are
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The plasma dielectric function ε is given by
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where V B n mA i i/ 4  is the Alfvén speed. Equations 
(3.1) to (3.9) provide a model for describing wave genera
tion in the ionosphere by HF heating, and the cases for 
high and mid latitudes are discussed below.

3.3. HEATING IN THE HIGH‐LATITUDE 
IONOSPHERE

In the high‐latitude region the magnetic field is assumed 
to be vertical and the propagation of hydromagnetic 
waves can be separated into the Alfvén and magnetosonic 
modes in terms of the field variables Q E  and 

ˆ( )M E z, respectively. The wave equations can 
then be written in a convenient form [Lysak, 1997]. The 
contributions to the external source

 Sext e ep m/  

can be separated similarly as
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The wave equations can then be derived from the line
arized forms of Equations (3.1) to (3.4) as
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The  corresponds to the magnetic field direction, namely 
upward (−) and downward (+). The conductivities σP,e, 
σH,e, and σ||,e are the electron components of the corre
sponding expressions defined by Equations (3.6) to (3.8).

The wave propagation model described above yields a 
framework for the simulation of low‐frequency waves in 
the ionosphere. A two‐dimensional (2D) version of the 
simulation code is implemented in cylindrical geometry 
with the z‐axis along the magnetic field, taken to be 
v ertical for the high‐latitude region. The heated region is 
modeled as an azimuthally symmetric pancake‐shaped 
region, with a profile given by Equation (3.5). In the 
numerical implementation discrete Fourier–Bessel trans
forms are used in the radial direction and the Crank–
Nicholson scheme is used in the z‐direction and for 
advancing in time. An advantage of this implementation 
is that the numerical stability is not limited by the Courant 
condition and the equations can be solved for the neutral 
atmosphere. This enables a smooth transition from the 
ionosphere to the atmosphere and thus provides the fields 
on the ground directly. A typical size of the simulation 
box is 1000 km × 1000 km.

3.3.1. Waves Generated by Modulated HF Heating: 
Ionospheric Current Drive

The modeling of HF heating shows the generation of 
hydromagnetic waves by a two‐step process. Figure  3.2 
shows a snapshot of the magnetic field components (Br, 
Bphi, Bz), electric field components (Er, Ephi), and current 
density Jz excited by a heated region with Lz = 40 km, and 
Lr = 20 km located at z = 300 km and modulated at 5 Hz. 
The ionosphere is represented by a Chapman profile with 
a peak density of 5 × 1010 m−3, corresponding an Alfvén 
speed of 900 km/s. The perturbations generated by the 
heating are dominantly compressional, as shown by (Br, 
Bz, and Ephi) in the left panels of Figure 3.2. The diamag
netic current is in the azimuthal direction, and the com
pressional components it produces propagate mainly in 
the transverse direction. These perturbations propagate 
down to the region where Hall conductivity dominates, 
and become dominantly shear type, shown by (Bphi, Er, 
and Jz) in the right panels of Figure 3.2. An advantage of 
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this code is the seamless transition from the ionospheric 
plasma to the neutral atmosphere, and this enables a 
proper computation of the fields on the ground. The 
waves generated near ( 0, 300 km)r z  are reflected 
r z500 500km km,  and propagate to 1000 kmr  

on the ground. The shear Alfvén waves are generated by 
the fast mode in the altitudes regions with H P 
(Figure  3.1) and propagate to the magnetosphere. This 
mechanism of generating low‐frequency waves is referred 
to as the ionospheric current drive (ICD) and is shown 
schematically in Figure 3.3. The essential elements in this 
mechanism are the time‐dependent current that excites 
the magnetosonic mode and the change in the relative role 
of the conductivities with altitude. A similar mechanism 
works in the case of a rocket. The exhaust in the early 
stage and its ascent can be a source of time‐varying 
 current and the generation of Pc1 waves in the ionosphere 
[Pilipenko et al., 2005].

A series of  experiments were conducted using the 
HAARP ionospheric heater to test and validate the 
ICD concept, and determine its constraints and scaling 
properties with ELF frequency, HF power and polariza
tion [Papadopoulos et al., 2011b]. The experiments 
focused on the dependence on ELF frequency, HF 
polarization, and HF power; the results are summarized 
in Figure  3.4. Waves between 0.1 and 70 Hz were 
detected at both the near and far sides of  the heater. 
Unlike the PEJ, which favors X‐mode heating, the ICD 
amplitude is found to be independent of  the polariza
tion of  the HF heating wave. From among the frequen
cies used to modulate the HF waves, 11 Hz showed the 
maximum amplitude of  the generated ELF waves, and 
their spectrum had a 1/f dependence at higher frequen
cies up to 70 Hz. Further, it was found that the 
amplitude of  the ELF/ULF signals scaled linearly with 
power, similar to PEJ generation.
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Figure 3.2 Magnetic field components (Br, Bphi, Bz), electric field components (Er, Ephi), and current density Jz 
excited by a heated region with Lz = 40 km, and Lr = 20 km located at z = 300 km and modulated at 5 Hz. 
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Another set of two‐dimensional simulations of heating 
and associated wave generation in the ionosphere using 
the collisional Hall–MHD model, Equations (3.1) to (3.4), 
has yielded more details of the physical processes that can 
be compared with the ICD experiments. The simulations 
used a model ionosphere (Figure 3.1) and a 2 Hz modula
tion of the electron pressure [Eliasson et al., 2012]. The 
ionospheric density maximum and the corresponding 
Alfvén speed minimum was at an altitude of 300 km, 
which constitutes the ionospheric waveguide for magneto
sonic waves. To model high‐latitude conditions, the geo
magnetic field is directed vertically downward. In the E 
region below 120 km, the ions are strongly coupled to the 
neutral species, and the Hall conductivity dominates the 
dynamics. The plasma there supports whistler‐like helicon 
waves below the ion cyclotron frequency, which can lead to 

mode conversion between magnetosonic and shear Alfvén 
waves. The nature of this mode is essentially the same as 
that of the gyrotropic MHD in an analysis of a slab model 
of the equatorial ionosphere [Surkov et al., 1997].

Snapshots of the electromagnetic wave fields for a 
 vertical geomagnetic field, 180, are shown Figures 3.5 
and 3.6, at t 5s after the transmitter has been turned on. 
The main features, seen in Figure 3.5, are magnetosonic 
waves that are propagating horizontally in each direction 
away from the heated region at x 0, with the Alfvén 
speed minimum near z 300km. For the ionospheric 
profiles used in these simulations the Alfvén speed at 
z 300km is approximately 4 105 m/s, this value yields 
a wavelength of about 200 km for 2 Hz, in agreement with 
the simulations shown in Figure 3.5. The magnetosonic 
waves are primarily associated with the compression and 
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rarefaction of the total magnetic field, and hence with the 
z‐component of the wave magnetic field and the associ
ated y‐components of the electric field and current den
sity. As seen in Figures 3.5a and 3.5b, the magnetosonic 
wave is associated with a wave magnetic field 10pTzB  
and electric field Ey 5 V m/ . Below 150 km, shown in 
Figure  3.6d, the structure of the wave magnetic field 
changes rapidly, and their amplitudes decrease by a few 
multiples. These changes in the magnetic field are associ
ated with localized currents in the y‐direction, visible in 
Figure 3.5g. These currents also generate magnetic fields 
in free space below 90 km and down to ground, as seen in 
Figure 3.5e.

The shear Alfvén waves propagate vertically in a nar
row column above the heated region along the magnetic 
field lines, as seen in Figure  3.6. The shear Alfvén 
waves in the two‐dimensional simulation geometry are 

associated with the y‐component of the magnetic field, 
the x‐component of  the electric field, and the x‐ and 
z‐components of the current density. The generation of 
shear Alfvén waves is partially due to mode conversion of 
magnetosonic waves via Hall currents in the E region, 
and these waves can also be directly generated in the 
heated region in the Hall–MHD model, but shear Alfvén 
waves would not be generated by the modulation of the 
electron pressure in an ideal MHD model.

The simulations provide the details of  the low‐
f requency waves suitable for a comparison with the 
observations [Eliason et al., 2012]. In a typical experi
ment (October 30, 2010, 06:00:00–06:19:30 UT), 
HAARP transmitted at 2.8 MHz, O‐mode, at peak 
power (3.6 MW), an amplitude modulated square wave
form at 2.5 Hz, with the heater beam pointing along the 
magnetic zenith direction. The local VHF riometer 
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showed low absorption at ~0.2 dB at 30 MHz. The onsite 
fluxgate magnetometer showed flat traces with no fluc
tuation, indicating a very quiet ionosphere. The onsite 
digisonde showed foF2 at 1.45 MHz and F‐peak at 260 
km altitude with extremely weak E‐layer. Figure  3.7 
shows the wave spectrum measured simultaneously on 
the ground approximately 20 km away from the HAARP 
heater and by the overflying DEMETER. The top left 
diagram in the figure is a projection of the DEMETER 
orbit (at 670 km altitude) moving with respect to the 
HAARP m agnetic zenith (MZ). The red marking on the 
orbit represents the orbit segment during which there 
was a strong signal at the injected frequency. The time 
duration was 20 to 25 seconds, which corresponds to a 
distance of  100 to 150 km. A key aspect of  this observa
tion is the strong c onfinement of  the ELF waves to the 
magnetic filled flux tube, as expected from shear Alfvén 
waves and as seen in the simulation in Figure  3.6. 
In  another experiment using 0.1 Hz modulation, 
DEMETER detected generated waves for a duration that 
was approximately six times longer and allowed for the 
measurement of  the waveform of the electric field, which 
is identified with a magnetosonic wave that propagates 
isotropically along the ionospheric waveguide, as seen in 
the simulation results (Figure 3.5).

An unexpected result revealed by the simulations is 
the distribution of the ELF magnetic amplitude on the 
ground signatures as a function of distance from the 
heater [Eliason et al., 2012]. Previous results with ELF 
and ULF waves generated by modulating the polar elec
trojet (PEJ) [Rietveld et al., 1984, 1987, 1989; Papadopoulos 
et al., 1990, 2005; Moore, 2007; Payne et al., 2007] indi
cated that the wave amplitude had a maximum in the 
vicinity of the heater while monotonically decreasing 
with distance in a fashion consistent with guided wave 
propagation. In general, ICD driven waves have a mini
mum at the ground location defined by its intersection 
with the magnetic field line that passes through the heated 
volume. However, a HAARP test conducted under 
d aytime conditions during the period 17–25 August 2009 
measured magnetic signals simultaneously in Gakona 
and in Homer 300 km away. A number of frequencies 
between 12 and 44 Hz were generated and simultaneously 
measured at the two sites. The signals generated by PEJ 
were found to be larger in Gakona than in Homer, which 
is consistent with previous PEJ observations. But the 
s ituation is reversed for the remaining signals, associated 
with ICD, and many were detected only in Homer and 
not in Gakona. This, as explained previously and seen in 
the simulations, is a result of the two‐step ELF genera
tion by ICD. In particular, the Hall current that acts as a 
secondary antenna that generates the ground signals 
occurs at the location where the magnetosonic wave 
reaches the Hall region. As a result the minimum occurs 

at the intersection of the magnetic field line with ground 
and the maximum at a distance that depends on the 
 heating altitude and the geomagnetic latitude.

The efficiency of wave generation is affected by the 
plasma conditions prevailing in the heated region, and to 
explore this, Milikh and Papadopoulos [2007] developed a 
model in which two time‐scale heating periods were used. 
In this approach a minute‐long heating pulse is followed 
by another period of heating with modulation at the 
desired ELF/VLF frequency. The long pulse reduces the 
electron‐ion recombination coefficient, resulting in 
increased ambient electron density and current density. It 
was observed that following the long preheating pulse by 
amplitude modulated heating at VLF frequencies, 
increases of wave intensity can result by up to 7 dB over 
the case of no preheating. An extensive campaign of 
heating experiments [Cohen and Golkowski, 2013] 
p rovided some evidence that such a preheating effect 
occurred at HAARP, where the 5 dB increase of median 
VLF amplitude was detected (Figure 3.8). The estimates 
on the median ELF power radiated by HAARP to the 
waveguide mode show that the preheating could reach 
1 W at 250 km, if  the geometric modulation circle sweep 
is applied.

3.3.2. Generation of Whistler Waves by Continuous 
HF Heating of the F Region

In addition to wave generation by modulated heating, 
whistler wave can be generated by continuous ionospheric 
heating. Experiments by Vartanyan et al. [2016] reveal a 
mechanism that injects broadband ( / . . )f f 0 1 0 25  
whistler waves into the magnetosphere in the absence of 
electrojet currents. During a daytime CW ionospheric 
heating experiment on 10‐16‐2009 (experiment 1), 
w histler waves in the VLF frequency range 7–10 kHz and 
15–19 kHz were detected by the overflying DEMETER 
satellite during its closest approach to the HAARP MZ. 
Similarly, whistler waves were detected during a daytime 
0.7 Hz modulated ionospheric heating experiment on 
02‐10‐2010 (experiment 2), but only in the latter f requency 
range of  15–19 kHz. Figure  3.9 shows the spectro
grams observed by DEMETER during experiments 1 
(Figure 3.9a) and 2 (Figure 3.9b) as it made its closest flyby 
of the HAARP MZ at t = 0.

In both experiments the HAARP heater operated at its 
maximum 3.6 MW power with a MZ‐oriented O‐mode 
HF beam, and the heating frequencies used were 5.1 
MHz (fOF2) and 4.25 MHz (≲3fce) for experiments 1 and 
2, respectively. Note that the frequency range of  the 
w histler waves corresponds to the F region lower‐hybrid 
(LH) frequency and its second harmonic, suggesting that 
parametrically excited LH waves at the upper hybrid 
layer were mode‐converted into whistler waves. For the 
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above‐mentioned heating settings, LH waves are known 
to be generated by parametric instabilities that are trig
gered by the HF–pump–plasma interactions. This is con
firmed by SEE observations (not shown here) available 
during experiment 2 [Vartanyan et al., 2016].

Based on the proposed mechanism, the observed VLF 
with frequencies near the LH frequency were generated 
by resonant mode conversion of LH waves to whistler 
waves [Eliasson and Papadopoulos, 2008] in the presence 
of artificially pumped meter‐scale striations, as one 
would expect during long‐term CW heating in the case of 
experiment 1. A simulation of this can be performed by 
using the LH–whistler mode conversion model developed 
by Eliasson and Papadopoulos [2008], as shown in 
Figure  3.10. The figure reveals a LH wave packet 
(Figure 3.10a) interacting with an external field aligned 
(vertical) striation and generating whistler waves 
(Figure  3.10b), whose frequency spectrum has a large 

peak at the LH frequency (Figure 3.10c). Note, however, 
that whistler waves near the LH frequency were not 
detected during experiment 2. This is because the 0.7 Hz 
(0.7 s on, 0.7 s off) modulated HF heating pulses did not 
allow a sufficiently long time to develop significant meter‐
scale striations, thus preventing an efficient linear 
c oupling from LH waves to whistlers.

The VLF near the LH harmonic observed during 
both experiment 1 (CW) and experiment 2 (pulsed heat
ing) was shown to be generated by a different mecha
nism: the nonlinear interaction of  counterpropagating 
LH waves. While in the first mechanism LH waves 
 linearly coupled to whistler waves via the external irreg
ularities (striations), this mechanism relies on LH waves 
nonlinearly coupling to whistler waves via the density 
fluctuations of another (counterpropagating) LH wave, 
and as such does not directly rely on striations. Using 
the above‐m entioned LH–whistler mode conversion 
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model with two counterpropagating LH waves, but 
 generalizing the model to include the nonlinear 
 coupling, this mechanism could be simulated to yield 
 whistler waves at the LH h armonic [Vartanyan et al., 
2016]; the simulation was achieved by placing two 
counterpropagating LH waves on top of  each other 
and observing the spectrum of  the subsequently mode‐ 
concerted whistlers. Since the only requirement for 
the mechanism is the presence of  LH waves (known to 
be generated in less than 20 ms),  whistler waves were 
indeed observed by DEMETER during both 
 experiments. If  the two simulations were combined 
into one, then the frequency spectrum would reveal 
peaks at both the LH frequency and its harmonic 
[Vartanyan et al., 2016], as in the o bservations 
(Figure 3.9a).

3.4. HF HEATING IN THE MID‐LATITUDE 
IONOSPHERE

The mid‐latitude ionosphere has features, such as the 
curvature of Earth’s dipole magnetic field and the absence 
of a steady current system, that lead to physical processes 
different from those of the high‐latitude region. Simulations 
of the mid‐latitude region thus require a model that takes 
these differences into account, and for HF heating the 
magnetic field geometry is expected to generate new effects, 
such as the propagation of the waves into the magneto
sphere. A generalized model is derived from Equations 
(3.1) to (3.4) [Eliasson et al., 2012]: 
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where we introduce the vector and scalar potentials  
A  and ϕ via B A and E A / t, using 
the gauge 0. The Re  and Ri matrices (organizing the 
v ectors as column vectors) are deduced from the 
e lectron and ion equations of motion (3.1) and (3.2) 
via  the definitions ( / ) /v B v ve e en e e em e B R0 0  and 
( / )/v B v R vi i in i i im e B0 0 , respectively. We can 
replace the Cartesian coordinate system (x, y, z) of 
Eliasson et al. (1012) by a spherical coordinate system 
(R, φ, θ), where R, φ, and θ are the radial, longitudinal, 

and co‐latitudinal coordinates, respectively. In spherical 
c oordinates, the magnitude of the dipole magnetic field is 

B B R Req E0

3 21 3/ cos . The Re and Ri matrices are 
used to construct the inverse of an effective dielectric 
 tensor 1 2

0
2( / )v cA e iR R , where v cA ci pi/  is the 

Alfvén speed, and a conductivity tensor ci in en , 
which we denote as en en ce/  and in in ci/ . 
Correspondingly, ci ie B m0 /  and ce ee B m0 /  are the 
ion and electron cyclotron frequencies, 

pi in e m( / ) /
0

2
0

1 2  
and 

pe en e m( / ) /
0

2
0

1 2 are the ion and electron plasma 
frequencies, 0 0

2/c  is the electric permittiv ity in vac
uum, c is the speed of light in vacuum, and  0

2
e ce/ .

The mid‐latitude ionosphere has similar plasma p rofiles 
as the auroral region, but the magnetic field geometry is 
significantly different in at least two ways. As shown in 
Figure 3.11, the field lines are oblique and curved, and 
this can lead to changes in the propagation characteristics 
of the waves. For example, a wave front propagating out 
of a heated region in the mid‐latitude ionosphere will 
intercept a wider area in the E region where the shear 
Alfvén waves are excited.

The simulations were conducted in a domain in the 
north–south plane in the spherical coordinates covering 
R RE 100 km to RE 4000 km in the radial  direction 
and a region 90 wide angular region in the co‐ latitudinal 
direction centered at the foot of the L 1 6.  shell, namely 
arcsin / arcsin /1 45 1 45L L . This domain 
is the region shaded in green in Figure 3.11. The simula
tion was run up to 12 seconds using 4 105 timesteps. The 
ionosphere was represented by a Chapman profile, with a 
peak density of 5 × 1010 m−3 at about 500 km, correspond
ing to a minimum of the Alfvén speed of 900Av  km/s. 
The simulation domain was resolved with 500 cells in the 
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Figure 3.11 Part of the simulation domain (shaded in green) 
using polar coordinates in the mid‐latitude region with the 
Earth’s dipole magnetic field. The heated region (in red) is 
c entered at the magnetic field line L = 1.6. From Sharma et al. 
[2016].
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radial direction and 460 cells in the co‐latitudinal 
 direction. A centered second‐order difference scheme was 
used in the radial direction and a pseudospectral method 
with periodic boundary conditions in the co‐latitudinal 
direction. The simulations were stopped before the waves 
reached the simulation boundaries in the co‐latitudinal 
direction, hence eliminating the effects of the artificial 
periodic boundary conditions. First‐order outflow bound
ary conditions were used at the top boundary in the radial 
direction. At the lower boundary between the plasma and 
free space at R RE 100km, we constructed boundary 
conditions by assuming that the horizontal components of 
the electric field and vector potential, and their radial deriv
atives, are continuous. In free space, we assumed infinite 
speed of light and no electric charges or  currents, while the 
ground at R RE  is perfectly conducting. This way 
 analytic approximations for the free space electromagnetic 
fields could be used (see Eliasson et al. [2012]).

In this setup Te given by Equation (3.5) peaks in 
the  center of  the heated region on the L shell. In 
these  simulations RE 6000 km, Tmod 2000 K, Dt 0 5.  s, 
Dr 40km, Dh 20 km, and hmax 300 km, and L 1 6. .

The propagation of the low‐frequency waves into the 
magnetosphere, where the magnetic field is significantly 

reduced, leads to the possibility of their coupling to other 
modes, notably the electromagnetic ion cyclotron (EMIC) 
mode. The roles of these waves can be seen from the dis
persion relation for collisionless obliquely propagating 
ELF Alfvén waves, that is,
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where k k k2 2


. For perpendicular propagation (k


0) 
the solution of the equation above yields the compres
sional or magnetosonic waves (ω ≃ kvA). For parallel 
propagation (k k



) and large wavenumbers k c pi / , 
the shear Alfvén mode splits into two modes: the right‐
hand circularly polarized (R‐mode) whistler and the 
left‐hand circularly polarized (L‐mode) electromagnetic 
ion cyclotron (EMIC) mode, also known as the Alfvén 
cyclotron mode. While the whistler mode can propagate 
at frequencies ci  at large wavenumbers, the EMIC 
propagates at frequencies ci  and has a resonance at 
ωci for large wavenumbers.

The HF heating with modulation frequencies f 2 Hz, 
5 Hz, and 10 Hz were simulated. Figure 3.12 shows the 
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excitation of both magnetosonic and shear Alfvén waves 
for modulation at 5 Hz. At frequencies much below the 
ion cyclotron frequency (of the order 10–50 Hz depend
ing on altitude and latitude), the shear Alfvén wave 
 propagates primarily along the magnetic field lines. 
Magnetosonic waves (Bx) are created by ICD and propa
gate at large angles to the geomagnetic field lines upward 
to the magnetosphere and downward to E region 
(Figure 3.12). Somewhat below the L 1 6.  magnetic field 
line extending from the heated region are whistler mode 
waves (see Figure 3.12d). These waves are not  created at 
the heated location but at the Hall region at the bottom 
of the ionosphere where magnetosonic waves have been 
mode‐converted to helicon waves, which propagate to 
higher altitudes as whistler waves. Near the heated region 
there is also a direct generation of EMIC waves.

As the wave frequency becomes comparable to the ion 
cyclotron frequency, the splitting of the shear Alfvén 
wave into the whistler and EMIC branches become more 
pronounced. The whistler wave is characterized by a 
longer wavelength and higher propagation speed than the 
EMIC wave at a given frequency. This is particularly evi
dent in the modulation at 10 Hz, in which case the shorter 
wavelength EMIC waves and longer wavelength whistler 
waves are sharply distinguished in comparison to the less 
pronounced magnetosonic wave propagating at larger 
angles to the geomagnetic field. An interesting question is 
what happens when the EMIC reaches the ion cyclotron 

resonance at high altitudes, indicated by thin lines in 
Figures  3.12a and 3.12c. The simulations show that 
the10 Hz EMIC waves cannot propagate beyond the ion 
cyclotron resonance layer where their wavelength goes to 
zero, and thus the EMIC wave energy will pile up near 
the resonance [Sharma et al., 2016].

The HF heating experiments in the mid‐latitude iono
sphere using the facilities at Arecibo [Ganguly et al., 
1986], Platteville [Utlaut et al., 1974 ], and Sura [Kotik 
et al., 2013] have provided a range of observations. The 
Arecibo experiment showed the generation of ULF 
waves, which have been interpreted as nonlinear coupling 
of two waves and amplitude modulation of a single wave. 
The Plattevile experiments showed the formation of field‐
aligned artificial irregularities but no direct evidence of 
low‐frequency waves. The experiment using the Sura 
facility have provided detailed measurements of low‐ 
frequency waves and have been interpreted in terms of a 
ponderomotive excitation mechanism. The modeling of 
the Sura experiments using the numerical model pre
sented here will be pursued.

3.5. KINETIC PROCESSES IN HF HEATING

The modeling of  the excitation of  low‐frequency 
waves in HF heating discussed above uses an iono
spheric profile, shown in Figure  3.1, that does not 
include small‐scale features, such as straiations and 
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ducts. At altitudes below the turning point of  an O‐
mode pump wave, near the upper hybrid resonance, 
upper hybrid and lower hybrid turbulence can lead to 
the formation of  field‐aligned density striations (FAS). 
Once FAS are formed, O‐mode waves are mode‐ 
converted to upper hybrid waves, enhancing the turbu
lence, leading to anomalous absorption of  the pump 
wave and efficient bulk heating of  the electrons. 
Measurements from the EISCAT heater in Tromsø by 
Rietveld et al. [2003] directly verify the increase in elec
tron temperature by 3000 K whereas the ion tempera
ture was enhanced only by 100 K. Later experiments by 
Blagoveshchenskaya et al. [2011] show electron tempera
tures reaching close to 6000 K when the HF pump 
approaches magnetic zenith. Although the experimental 
facilities at HAARP cannot directly measure electron 
temperature, they have been able to detect descending 
artificial ionized layers (DAIL) [Pedersen et al., 2009], 
the generation and descent of  which were modeled 
extensively by Eliasson et al. [2012], indicating that the 
DAILs required bulk heating of  the electrons to ~4000 
K to be subsequently accelerated by Langmuir turbu
lence to suprathermal speed and ionize the neutrals.

To better understand the heating near the upper hybrid 
layer, Najmi et al. [2016] carried out Vlasov simulations 
of HF heating in the upper hybrid resonance region of 
the ionosphere. The Vlasov equation gives the evolution 
of the distribution function of a species in position and 
velocity.
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with the Lorentz force given by
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where q and m are the charge and α denotes the specie. The 
external electric field is taken to be an oscillating dipole 
field, along the x‐axis 
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space. The constant magnetic field B0 is directed along the 
z‐axis. Further, in the electrostatic approximation, we can 
close these equations with the Poisson equation and the 
continuity conditions for the charge density, with 
the   particle number density obtained by integrating fα. The 
closed set can be solved in position and velocity space using 
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Fourier methods [Eliasson, 2010]. As an initial condition, 
Najmi et al. [2016] used a 10% Gaussian density striation 
such that the pump frequency was a local upper hybrid 
resonance at n n0 95 0. , corresponding to an FWHM of 
2.5 m of the 9 m simulation box. For numerical efficiency 
an electron‐hydrogen plasma was used.

Initially, the dominant waves were a mode‐converted 
pump wave near 3.44 MHz, but low‐frequency waves 
dominated by frequencies close to the lower hybrid fre
quency of  ~31 kHz quickly developed. The amplitude 
of  the high‐frequency waves inside the striation was 
about 5 to 10 times larger than the pump amplitude, 
while the amplitude of low‐frequency waves was close to 
the amplitude of the pump. These components can be 
seen in Figure 3.13.

A rapid increase of the electron temperature was 
observed in the simulations [Najmi et al., 2016]. The elec
tron heating was identified as stochastic heating in the 
presence of large amplitude electron Bernstein and upper 
hybrid waves, visible in the wave number–frequency–
energy spectrum in Figure 3.14.

3.6. CONCLUSION

The generation of  low‐frequency waves is a main fea
ture in the HF heating of  the ionosphere. The numerical 
simulations and experiments using HAARP facility have 
yielded a good understanding of  the plasma processes in 
the ionosphere that lead to wave generation. In the high‐
latitude ionosphere these waves are excited under most 
conditions, with and without an auroral electrojet or 
modulated heating. The studies using both numerical 
simulations and experiments under these different con
ditions are presented in this chapter. The essential 
mechanism is a multistep process in which the pressure 
gradient in the heated region in the F region drives a 
local diamagnetic current, which excites magnetosonic 
waves propagating across the magnetic field, which in turn 
excites shear Alfvén waves in the E region. The dominance 
of the Hall conductivity over the Pederson conductivity 
due to the strong coupling of the ion and neutral dynam
ics is responsible for the conversion of the compressional 
to shear modes. The shear Alfvén waves propagating 
along the field lines, to the ground and to the magneto
sphere, were detected by ground‐ and satellite‐based 
measurements.

In the mid‐latitude ionosphere where there is no steady 
current or electrojet, the same mechanism is effective. In 
this region the simulations take into account the curved 
geometry of the Earth’s dipole field and yield some new 
features in the generation of EMIC waves in the magneto
sphere. In the equatorial ionosphere where the equatorial 
electrojet is prevalent, HF heating is expected to generate 

low‐frequency waves by the same mechanism as in the 
high and mid latitudes. A striking feature of the equato
rial ionosphere is its highly enhanced Cowling conductiv
ity, which can lead to more efficient wave generation.

Observations by ground radars (see chapter 1 of this 
volume) and low Earth orbit satellites (see  chapter 2 of 
this volume) show that low‐ frequency waves are critical 
to a number of  processes occurring in the ionosphere 
and magnetosphere. The numerical simulations pre
sented here are an attempt to stimulate investigations to 
further our understanding of  these processes.
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