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Abstract. This paper reviews the characteristics of plasma-wave
perturbations produced by wave-particle interactions in the
magnetosphere—ionosphere system. These perturbations may,
notably, be due to lightning discharges and to radiation from
high-power low-frequency transmitters. These can form wave-
guide channels, i.e., density inhomogeneities, which originate in
the ionosphere above the radiation source and extend along
geomagnetic field lines in the magnetosphere. Although differ-
ent in nature, the natural and man-made radiation sources may
have similar effects on processes in the circumterrestrial plas-
ma, causing the excitation of a variety of emissions in it and
stimulating the precipitation of charged particles from the
magnetosphere into the ionosphere.
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1. Introduction

The study of magnetosphere—ionosphere connection is of
great interest and importance both for fundamental physics,
expanding our knowledge about processes in magnetoactive
plasma, and for solving practical problems related to
navigation, communication, radar, and radio astronomy.
The magnetosphere is a region in near-Earth space, where
plasma behavior is controlled by the Earth magnetic field.
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Due to the flow of the solar wind (SW) around Earth’s
magnetosphere, a magnetic cavity is formed, with its size
determined by the dynamic equilibrium of the SW plasma
kinetic pressure and the magnetic pressure of the Earth field.
As the SW pressure increases, the size of the magnetosphere
decreases, its plasma density increases, and the excess plasma
is pushed along the magnetic field into the ionosphere. The
decrease in the SW pressure leads to an increase in the
magnetosphere volume, which becomes filled with the iono-
spheric plasma.

In this way, the ionosphere is the plasma ‘reservoir’ for the
magnetosphere, and vice versa. Therefore, in order to
adequately describe large-scale, global processes in the
circumterrestrial plasma, one needs to consider the magneto-
sphere—ionosphere system as a whole, despite the difference
between plasma properties in the ionosphere and magneto-
sphere. The description of small-scale local processes also
needs to consider the magnetosphere—ionosphere system as a
whole. In this case, the plasma dynamics are governed mostly
by various electrostatic and electromagnetic oscillations and
waves, which can be easily excited in the magnetoactive
plasma and undergo strong damping [1].

Besides the inner sources of waves in plasma — instabil-
ities—an important role in the magnetosphere—ionosphere
system’s dynamics is played by external sources. These can be
either natural, for example, lightning discharges during
thunderstorm activity [2, 3], or artificial (anthropogenic), for
example, the radiation of short-wave heating facilities [4—11]
and strong low-frequency (LF) emitters [12].

The interaction of high-power radio waves with the
magnetosphere—ionosphere system causes the formation of
regions with an increased density of charged particles. These
regions group into plasma inhomogeneities — ducts — which
stretch thousands and tens of thousands of kilometers in the
magnetosphere along the magnetic field. These inhomogene-
ities are waveguides for whistler waves and play a key role in
the propagation of low-frequency waves in the magneto-
sphere.
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Both natural and anthropogenic forms of radiation,
despite their different nature and sources, can have a similar
influence on processes in the near-Earth plasma. These are the
questions that will be discussed in this paper.

The layout of the paper is as follows. In Section 2 we
analyze the waves which are excited by the lightning
discharges and are related to ion cyclotron and whistler
modes. Their role in the particle precipitation from the
magnetosphere to the ionosphere is discussed. Section 3
deals with the results of active experiments, based on direct
measurements of the plasma characteristics and electromag-
netic radiation properties, measured aboard spacecraft. Some
unsolved problems and their possible solutions are discussed
in Section 4.

2. Lightning discharge radiation
in magnetosphere—ionosphere connection

Lightning discharges with a duration from several dozen
microseconds to several milliseconds, which occur on Earth’s
surface with an average frequency of 10~7 km—2s~! [13, 14],
are the source of a broadband electromagnetic radiation.
This radiation, according to the modern conception,
propagates in the Earth—ionosphere waveguide and par-
tially penetrates into the ionosphere and magnetosphere,
where it propagates as ion-cyclotron and whistler waves.
One of the main mechanisms of magnetosphere—ionosphere
connection lies in the interaction of these waves with the
charged particles of the ionosphere and magnetosphere,
which leads both to the precipitation of particles from the
magnetosphere to the ionosphere [2] and to the heating of
ionosphere ions due to the absorption of the waves [3]. This
mechanism and related issues will be briefly discussed in
Sections 2.1, 2.2.

2.1 Wave packets excited by lightning discharges

in the upper ionosphere and magnetosphere

The frequency range of waves that are excited by lightning
discharges and that have a large enough intensity in the upper
ionosphere and magnetosphere extends from several hundred
hertz to several hundred kilohertz [15, 16]. Certainly, this
frequency range is not determined by the lightning discharge
duration and strongly depends on the problem geometry and
dispersive characteristics of the medium.

The problem of defining the spectrum width of excited
radiation can be qualitatively solved in the following way. In
Earth’s atmosphere, radiation propagates up to the lower
boundary of the ionosphere at a speed close to the speed of
light, but its speed becomes significantly lower in the iono-
sphere, where the refractive index rapidly increases.

It is clear that after the lightning discharge ends, by the
time of the ‘last’ horizontally propagating beam reaches the
lower boundary of the ionosphere, all the emission of the
lightning discharge will be concentrated there. Since the lower
ionosphere height / is significantly smaller than Earth’s
radius Rg, the vertical dimension /; of the region occupied
by radiation is much smaller than its horizontal dimension.
Therefore, if we expand the ionosphere disturbance into the
Fourier integral, the dominant components will be the ones
with the wave vectors directed almost vertically and their
characteristic values are k, 2 1//,. The frequency band of the
radiation can now be defined as that corresponding to a
frequency band w(k,), where w = w(k) is the dispersion
relation in the ionosphere.

Experiment and calculations confirm that waves excited
by lightning discharges correspond to ion-cyclotron and
whistler modes [17, 18]. Further in this section we will
discuss the whistler waves in the magnetosphere. The role
of ion-cyclotron waves in the ionosphere—magnetosphere
connection was discussed in paper [3]. At the ‘initial
moment’, the electromagnetic field disturbance in the upper
ionosphere, caused by lightning discharge, can be repre-
sented as wave packets (with the characteristic wave
vectors, mentioned above) that are localized in the region
with dimensions which are much smaller than Earth’s radius.
Obviously, this disturbance has a broad spatial spectrum.
However, far enough away from this region and, correspond-
ingly, after a long time the radiation can be represented as the
wave packet with a slowly varying frequency and a wave
vector, which occur at a specific instant of time at a given
point.

2.2 Resonant interaction of whistler waves
with charged particles in the magnetosphere
As the calculated results show [19], in the absence of ducts
(density perturbations that are localized near the geomagnetic
field line of force and can be a kind of a waveguide for whistler
waves), in the near-equatorial region, where the electron—
wave interaction is most effective, the whistler wave enters the
quasiresonant propagation regime in which the angle 0
between the wave vector and the external magnetic field is
close to the resonant cone angle: cosl ~ w/we (in the
standard notation). In this case, the refractive index
N =kc/w of the wave greatly increases and the wave
becomes quasielectrostatic, with its electric field directed
almost along the wave vector and the magnetic field B < NE
(in the CGS system of units). After the wave reaches the
equator and during its propagation in the hemisphere,
opposite to that of lightning discharge, the wave refractive
index continues to increase, which makes it possible for the
wave to resonantly interact with protons at high cyclotron
resonances. The quasi-electrostatic wave is linearly polarized,
which allows us to consider its resonant interaction with
electrons and protons in the same way. (Clearly, the
interaction specifics, mostly related to the different ratio
between the wave frequency and the particle gyrofrequency,
remain in force).

The field of the quasielectrostatic wave packet can be
written out in the form

E(r,t) = =V&(r, 1), @(r, 1) = y(r,t)sin P(r,1), (1)
while the local wave vector k(r,#) and the local frequency
o(r, ) are defined by the relations

ow ow

k(r, 1) =3 o(r,t) = 3

Due to the azimuthal symmetry of the problem and vertical
direction of the initial wave vectors, the waves propagate in
the meridional plane, and the equations of particle motion
have a first integral x(, which is a transverse (relative to the
external magnetic field) coordinate of the particle’s guiding
center in the meridional plane. At the same time, the
equations of particle motion can be written down in the
Hamiltonian form with canonical variables: (p||,z) —long-
itudinal momentum and longitudinal coordinate, and (g, ¢),
where ¢ is the particle gyrophase, and p is its magnetic
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Here, m is the particle’s mass (m = m, for electrons, and
m = mj for protons), and Q = eBy/mc is the absolute value of
the gyrofrequency for the appropriate type of a particle. The
transverse coordinate of the particle can be expressed through
the canonical variables mentioned above in the following
way:

X = X +Ulsin =X —&—\/2'“ sin
— A0 (o) P =X mQ @,

and the Hamiltonian takes the form

2
p
H(pj.z,p, 0.0) = 3 -+ 1 Q) + 4@z o). (2)

where ¢ = e and ¢ = —e for protons and electrons, respec-
tively. Under the condition that the gyroradius of the particle
be much less than the inhomogeneity scale, the phase of the
field is defined by the following expression

Y =Yo(z,1) + ki(x —x0) = Po(z,t) + Asing,

where A is the dimensionless Larmor radius:

N kLvl k 2,u
A= = —_—
Q e

At the same time, the local longitudinal wave vector and the
local frequency are determined from the relations
0% 0%
N, 0~ ——.
="z ar

The Hamiltonian expansion into the Fourier series in terms of
@ in the new variables assumes the form

p?
H(pHvZuthLt) = ﬁ‘FﬂQ(Z)
+ q®o(z, 1) ZJ,,(A) sin (Po(z,1) + ng) , (3)

where J, are the Bessel functions of the nth order.

By setting the full derivative of ¥y(z, ¢) + n¢ equal to zero
along the particle trajectory, we can find the condition of
resonant wave—particle interaction:

ky(z,0)v) — o(z,t) +nQ(z) =0,

w — nQ
O V| = Vresn = —7 (4)
ki
where it is taken into account that, according to formula (3),
de/dt ~ Q.

2.2.1 Isolated resonance approximation. It is known that the
variation of both the energy and the equatorial pitch-angle
and, correspondingly, the significance of the pitch-angle
scattering are the highest for those resonant particles which
fulfill condition (4) for some integer number n giving the order
of cyclotron resonance. In a homogeneous medium, the
particles can be either resonant or nonresonant, depending
on their longitudinal velocity. For the considered case of the

particle—wave packet interaction with varying parameters
in an inhomogeneous medium, resonant conditions (4)
change along the trajectory of the particle, as well as its
longitudinal velocity changes. Therefore, in the situation
considered the particle passes a cyclotron resonance region.
In the approximation of isolated resonances, which can
always be applied to the whistler wave amplitudes [20], only
one slowly varying term can be kept in Hamiltonian (3), thus
yielding the following form of the Hamiltonian:

P
Hn(p|\727 "o, t) = %4_ ,UQ(Z)
+q(p0(2a[)']n()') sin ("UO(Za t)+n(P) (5)

The equations for the variation of the kinetic energy and the
magnetic moment of the particle will have the following form
in this approximation:

dw o d ,

ngzﬁz—@Whmamwwﬁ+mm (6)
and the variations in these quantities (and, correspondingly,
of the equatorial pitch-angle) during the passage through
isolated cyclotron resonances will be noncorrelated.

2.2.2 Variation of the equatorial pitch-angle and the precipita-
tion of particles into the ionosphere. As follows from formulas
(4), the spacing between the resonant values of the long-
itudinal velocity is Q/kj. For electrons, this quantity is
usually higher or close to the thermal velocity of high-energy
particle distribution. Therefore, the most important reso-
nances for electrons are the first cyclotron (n = 1) and the
Cherenkov (n = 0) ones. Since the longitudinal velocities
corresponding to these resonances have opposite signs, the
electrons, while moving in one direction (during half of the
bounce period), can resonantly interact with the wave packet
when passing through only one specific resonance. As for the
protons, the spacing between the resonant values of the
longitudinal velocity is m./m; times that for the electrons.
Therefore, the protons during the half of the bounce period
can interact with the wave-packet through many different
cyclotron resonances.

As the analysis indicates, most of the particles— electrons
and protons—are phase untrapped and the time of their
interaction with the wave packet at a single resonance is
determined by the generalized inhomogeneity parameter

B p o doe 1 dvl,
Oy = k“ <}’)’l dz + 2 dz s (7)

and is on the order of 1/\/@. In this case, it follows from
equation (6) that for particles near the loss-cone boundary the
variation of the equatorial pitch-angle ¢, while passing
through the cyclotron resonance, is of order

(8)

\aﬁww‘qéowL*X)y

w/Jal

Expression (8) gives an estimate of the variation of the
electron equatorial pitch-angle during half of their oscilla-
tion bounce period between the reflection points in opposite
hemispheres. As for the protons, it was mentioned above that
during half of their bounce period they can pass through
many cyclotron resonances, An ~ /Quin > 1, where Quiy 1s
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the minimum value of the proton gyrofrequency along the
line of force, for which the resonant interaction with the
whistler wave becomes efficient. The value of Q.,;, can be
indirectly determined by the relations [20]

ki(z)viz2o, Qunn=Q(z).

The transverse wave vector k; and the gyrofrequency Q(z) in
the quasiresonant propagation regime increase together as
the distance from the equator increases. Therefore, the
relations given define the minimal gyrofrequency and,
consequently, the maximum number of the resonance #yyx,
for which the interaction of protons with the whistler waves is
effective. The minimum number of the cyclotron resonance
Nmin, Obviously, can be determined from the relation ny;, ~
@/ Qmax, Where Quax is the maximum gyrofrequency of the
protons along the force line, where the wave packet is
situated. As was mentioned above, the variations of the
equatorial pitch angle while passing through the single
cyclotron resonances are noncorrelated. Therefore, the net
change of the angle, which can be either positive or negative,
is of the order of

|AY| ~ VAR |39,

where |39| is defined in expression (8), and An = Hymax — Hmin-
This means that the particles, for which the value A? is
negative and the initial equatorial pitch-angle differs from
the loss-cone pitch-angle by a value less than |AY|, fall into the
loss cone and precipitate into the ionosphere.

3. Active experiments

A new line of research in the field of ionosphere-magneto-
sphere plasma was developed in the 1960s and was based on
so-called active experiments (AEs). This line of research
combined the efforts of specialists in plasma physics, radio
physics, and geophysics, which helped to significantly
improve our knowledge about the natural processes in the
circumterresrrial plasma and also revealed a number of
phenomena caused by the external influence on the magneto-
sphere—ionosphere system.

The results of the AEs led to discussions about the
emergence of a space lab, where plasma and wave processes
would be studied [1, 21, 22]. The most productive AEs were
those on the influence of strong electromagnetic radiation
from ground sources on the ionosphere-magnetosphere
plasma. The theoretical aspects of such interaction were
discussed in detail earlier in a number of papers, particularly
in reviews [23, 24]. Papers [4—11] present reviews of investiga-
tions related to the influence of strong high-frequency (HF)
radiation (2-12 MHz) on the ionosphere. The results of
investigations concerning low-frequency (LF) radiation
influence on the magnetosphere—ionosphere system are
presented in monograph [12]. In Sections 3.1 and 3.2, we
discuss the results of experiments which are based on direct
measurements of the plasma and electromagnetic radiation
parameters on board spacecraft.

3.1 Stimulated precipitation of charged particles under the
action of artificial low-frequency radiation

Pitch-angle diffusion and the precipitation of charged
particles from the magnetosphere to the ionosphere under
the action of natural radiation is observed quite often on

satellites [25]. The first measurements of artificially stimu-
lated precipitations were performed in an experiment with the
strong LF-emitter UPD-8§, operating at the 12 kHz frequency.
The precipitation was registered by a modulation photometer
installed aboard an airplane and directed towards the iono-
sphere above the emitter [27]. As the emitter was turned on, an
increase in the luminosity of the night sky of = 40 Rl was
observed at the wavelength 2 = 3.914 x 10~7 m. This is the
line of excited nitrogen, and therefore its intensity is
proportional to the precipitating particle flux density.
Estimations of the total energy flux give the value of
0.13 erg cm~2 s~!, which corresponds to an electron flux of
5 x 10° em~2s~! with an energy of 15 keV.

Direct measurements of stimulated precipitations were
performed on the satellite Arkad-3 together with the LF-
emitter UPD-8 [28], which was a source of an amplitude-
modulated signal at the 15 kHz frequency. As the satellite
passed at the altitude of 1500—2000 km above the emitter,
fluxes of electrons with energies of 0.6-2 keV increased from
5% 10° cm™2 57! (noise level in this experiment) to 2.5x
10* cm =2 s~ 1.

A similar experiment was performed in the USA on the
S81-1 satellite as it passed over an NAA (National Aeronautic
Association) emitter [29]. During the experiment, an increase
in the electron flux intensity was detected at energies of
E > 6 keV up to the value of 10° cm~2 s~!. It should be
noted that the NAA emitter is located at mid-latitudes
(L = 3.2), and the UPD-8 is located more to the north at
subauroral (L = 4.0) latitudes. The difference in the flux
intensities of the precipitating electrons can be explained not
only by different geomagnetic conditions but also by the
difference in the trapped particle density at different latitudes.
Subsequent measurements on the DEMETER (Detection of
Electro-Magnetic Emissions Transmitted from Earthquake
Regions) satellite confirmed these results [30].

The first measurements of precipitating proton fluxes
stimulated by artificial low-frequency radiation were per-
formed on the Arkad-3 satellite. Figure 1 shows the results
of these measurements.

The intensity of proton fluxes with an energy of 110 keV
becomes 2.5 times higher for optimal observation condi-
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Figure 1. Intensity variation of proton fluxes with energies of ~ 110 keV
(curve RD-2) and ~ 190 keV (curve RD-4) as the Arkad-3 satellite passed
over the UPD-8 emitter (taken from Ref. [31]). The time intervals when the
emitter was operating are marked by rectangles.
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tions—magnetic coupling with the ionosphere above the
emitter. In this case, the fluxes of protons with higher energy
(190 keV) change insignificantly around the noise level. It
should be noted that in different measurement series the
stimulated flux intensity of the precipitating protons varied
from 80 to 500 cm2s~', depending on the geomagnetic
activity, which may be related to the density of the trapped
particles.

Summing up, measurements of the particle fluxes as the
satellite passed over the low-frequency ground emitter
resulted in:

— precipitating electron fluxes with an intensity of
~ 10°—10* cm2s7!;

— precipitating proton fluxes with an energy of
~ 110 keV. The intensity of the proton fluxes was 80—
500 cm s~

The mechanism of the proton precipitation under the
action of the signal from a very low-frequency (VLF) emitter,
suggested in paper [20], is similar to the mechanism of proton
precipitation stimulated by lightning discharge radiation,
which was discussed in Section 2.

3.2 Formation of inhomogeneities stretched along the
magnetic field due to low-frequency heating

It was shown in paper [32] that a significant amount of the
energy of electromagnetic waves from the low-frequency
band goes into the local heating of the ionosphere. During
the daytime hours in the summer, these losses can reach 90%.
Therefore, the radiation from powerful ground LF-emitters
influences the ionosphere in a similar way as the HF-heating
facilities [4-11].

Experimental investigations of ionosphere heating
under the action of artificial LF-radiation were performed
on the Arkad-3 satellite [33]. Figure 2 depicts the measure-
ment results for the fluxes of three different cold iono-
sphere ions and for the electromagnetic field when passing
over the LF-emitter.

The fluxes of the upgoing ions are maximal when the
intensity of the emitted electromagnetic field is maximal (at
15 kHz frequency). The change in the radiation intensity at
the frequency of 4.5 kHz (in the vicinity of the local frequency
for the lower hybrid resonance (LHR)) indicates the ion
heating mechanism is related to LHR-radiation, which is
confirmed by the theoretical predictions in monograph [12].

The heating of the ionosphere plasma under the action of
HF-radiation leads to particle transport from the ionosphere
to the magnetosphere and to the formation of ducts — plasma
inhomogeneities stretched along the magnetic field [34, 35]. In
a similar way, the ducts can be formed during LF-heating
[36, 37].

We should note that some of the problems concerning the
duct formation under the action of strong radio emission are
still unsolved. Particularly, there is still no theoretical
explanation for the fast process of ionosphere plasma reach-
ing heights of several Earth radii [38].

Summing up, the plasma inhomogeneities stretched along
the magnetic field can be formed above the low-frequency
emitters in two ways:

— as a result of ionosphere plasma heating by LF-
radiation;

— as a result of the stimulated precipitation of high-
energy particles and the formation of the region with an
enhanced ionization.
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10 A
H+
2 \ /A
S 5L —
i / AV 1 Sl |
2101 NN
=5tk < \
= =~ 1 D
TO15 -
L ot /\ /'~
. 1N\
510 . / \
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g 10—4 L 15 kHz
|
RN Y, V¢ NaVAVNa\
TE | | | | |
-3 L
S 107 4 sk,
S 1074 —
~
035 A
| | | | |
3.40 341 3.42 343 UT
1736 1695 1662 1610 H, km
65.4 61.5 58.6 543 ¢
42.4 44.8 46.1 476 .
5.2 4.1 3.5 29 L

Figure 2. Differential fluxes @4 of the hydrogen, helium, and oxygen ions
(three upper plots) and the intensity /g of electromagnetic radiation at 15
and 4.5 kHz frequencies (two lower plots), measured on the Arkad-3
satellite as it passed over an LF-emitter (taken from Ref. [33]). Solid and
dashed lines correspond to two directions of measuring the ion arrival.

The first mechanism is most effective during the daytime
in the summer, while the second one is best during the
nighttime in winter.

4. Conclusions

Theoretical investigations, as well as ground and aboard
spacecraft measurements of ionosphere—-magnetosphere sys-
tem parameters have allowed us to obtain an almost
complete picture of the dynamical processes in the circum-
terrestrial plasma. However, a number of key questions
remain unanswered: the mechanism of ionosphere ion
heating under the action of HF-radiation is not fully
understood, the characteristics of ionosphere ion transport
to great altitudes are unknown, etc. The Rezonans space
project should give answers to these and other relevant
questions [38].

In the Rezonans mission, two pairs of satellites will be
launched into specially selected orbits, which will allow
performing long (up to tens of minutes) measurements of
the plasma and electromagnetic field parameters in the chosen
magnetic field tube, which has its footprint in the ionosphere
above the radiation source. Such an experimental configura-
tion will allow us to investigate the dynamics of processes
caused by artificial electromagnetic radiation.

Many results discussed in this paper were obtained by the
IZMIRAN researchers, and this Institute is celebrating
75 years since its foundation this year.

This study was partially supported by Program 22 of the
Presidium of the Russian Academy of Sciences, and by an
RFBR grant (15-35-20364).
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