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1, INTRODUCTION

ELECTROMAGNETIC waves of very low frequency
are incident on the earth’s surface from outer space.
These waves, called ‘‘geomagnetic pulsations,’’ were
first observed at the Kew Observatory near London ap-
proximately a hundred years ago. However, a thorough
study of the pulsations began only during the Inter-
national Geophysical Year (1957-1958)1"),

Geomagnetic pulsations are hydromagnetic waves in
the earth’s magnetosphere. The frequency spectrum
extends from several millihertz to approximately
1 kilohertz. The lower limit of the spectrum coincides
with the lowest frequency of the natural oscillations of
the magnetosphere, and the upper limit with the gyro-
frequency of the protons in the lower layers of the polar
ionosphere. At a frequency of approximately 5 Hz,
however, there is a sharp cutoff of the oscillation
spectrum, due to the fact that the upward-traveling
waves are strongly absorbed in the ionosphere and are
practically not observed on the earth’s surface. In ad-
dition, at frequencies larger than approximately 5 Hz,
the level of the atmospheric noise due to thunderstorm
discharges is quite high, and this also hinders the
registration of radiation of cosmic origin. It has there-
fore been concluded on the basis of the observed ma-
terial that the upper limit of the magnetic pulsations
lies at several Hz.

Starting with frequencies of several hundred Hz, the
ionosphere again becomes transparent and the level of
the cosmic noise increases. This is the lower limit of
the very low frequency (VLF) band.*

The maximum intensity of VL F radiation occurs at
a frequency of several kHz. In spite of this difference
between their frequencies, the micropulsations and the
VLF radiation have features that are physically and
formally common[?‘], and form jointly the low-frequency
band of natural electromagnetic radiation (Fig. 1).

Two reviews dealing with VLF radiation have al-
ready been published in this journal[e‘"’]. On the other
hand, the investigations of pulsations have not yet been
described in the domestic review and monographic
literature. At the same time, an increasing flow of in-
formation concerning geomagnetic pulsations has been
observed in recent years (see, for example, the re-
views[b5712]),

The purpose of the present review is to report to the
readers the results and prospects of investigations of
the pulsations, which constitute an interesting and still
puzzling natural phenomenon.

Observation of the pulsations is one of the main in-

*In analogy with the VLF radiation, pulsations in the frequency
range from several millihertz to several hertz are sometimes called ultra-
low frequency (ULF) radiation.
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FIG. 1. Dispersion curves for transverse waves in a magnetoactive
plasma: n — refractive index, w, — plasma frequency, §2¢ and £2 —
electron and ion gyrofrequencies.

direct proofs of the existence of hydromagnetic waves
in the earth’s magnetosphere. The pulsations serve as
convenient tests of various theories of excitation and
propagation of waves in a plasma. Moreover, the inter-
pretation of pulsations raises new problems, thereby
serving as a definite stimulus to the development of the
theory of plasma waves. The main results of the ob-
servations of geomagnetic pulsations and the existing
theories of their origin are reported in the first part
of the review.

Recently, interest has been evinced in pulsations as
a source of information concerning the parameters of
the magnetosphere and of the solar corpuscular
streams. Being excited at high altitudes, the hydro-
magnetic waves bring to the earth’s surface valuable
information concerning the conditions in outer space.
Thus, observation of the pulsations may become one of
the means of diagnosing the state of the interplanetary
medium and the parameters of the magnetosphere in
the regions where the waves are generated and on their
path of their propagation towards the earth’s surface.
This new trend in the investigation of the pulsations (to
which the second part of the review is devoted) has de-
veloped for the greater part as a result of the work
done at the Division of the Earth’s Electromagnetic
Field and the Borok Geophysical Observatory of the
Earth-physics Institute of the USSR Academy of
Sciences!®"1'*7"] " Although the work on diagnostics is
still mainly methodological, a review of this work gives
an idea of the prospects of further research.

II. GEOMAGNETIC PULSATIONS

There is a large variety of the types of pulsations,
differing from one another in spectral composition,
time evolution, character of distribution over the
earth’s surface, etc. They are registered by means of
sensitive magnetometers of various designs'*?), The
instruments were installed in an extensive network of
observatories covering the entire earth more or less
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uniformly and recording their data continuously. The
initial data obtained in this manner are used to study
the spectrum, polarization, and coherence of the oscil-
lations, and also for traditional geophysical investiga-
tions, namely the analysis of the diurnal, 27-day,
seasonal, and 11-year variations, the dependence of the
properties of the pulsations on the solar and geomag-
netic activity, etc.

Modern methods of investigating the pulsations are
characterized by the organization of special experi-
ments aimed at verifying and refining various theoreti-
cal models. A decisive role in the clarification of the
nature of several types of pulsations was played by ob-
servations in conjugate* and antipode points, at the
geomagnetic poles, and on the equator!*®-2°), A compre-
hensive program aimed at comparing the pulsation
spectra with satellite measurements of the parameters
of outer space is also being successfully realized!® 2%,

There is no complete theory of geomagnetic pulsa-
tions at present. The general principles of the physical
interpretation have been established, and individual
properties of the pulsations have been explained. The
complexity and variability of the structure of the near-
earth space make it difficult to formulate and solve
concrete problems rigorously. Therefore, approximate
and tentative calculations are extensively used, as well
as a general qualitative analysis of the processes of
excitation and propagation of the pulsations.

It has become more and more obvious of late that
further development of the theory of geomagnetic
pulsations is possible only in direct association with
rigorously formulated experiments. Of great import-
ance, in particular, will be simultaneous observations
of pulsations on the earth’s surface and directly in
outer space. The observations made until recently
were sporadic and incomplete.

1. Main Properties of Pulsations

Let us consider briefly the classification of geomag-
netic pulsations. A classification is necessary in order
to represent the variety of types of oscillations by a
limited number of ordered and well identified types.

In the literature there have been discussed essen-
tially three independent principles of classification
(Fig. 2):

1) A classification based on morphological attributes
(periods, amplitudes, times of appearance, etc.).

2) Correlative classification (in connection with
other phenomena—magnetic storms, auroras, VLF
radiation, etc.).

3) Genetic classification, based on the production
mechanisms. Inasmuch as the actual nature of the
pulsations is still far from clear, the genetic classifica-
tion, which under other circumstances would be pre-
ferable, cannot serve as the basis of a general classi-
fication. The correlative principle can likewise not
serve as a basis, since not all types of oscillations
reveal a pronounced correlation. Consequently, the
morphological classification principle, first clearly
formulated in'2"), has gained extensive and justified

*A pair of points on the earth’s surface is called conjugate if they
are joined by a force line of the geomagnetic field.
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Range of periods,
Type sec

Stable pulsations

Pcl 0.2—5
Pe2 5—10
Pe3 10—45
Peh 45—150
Peb 150—600
Irregular
pulsations

Pit 1—40
Pi2 40—150

recognition, The morphological classification adopted
at the 13th General Assembly of International Year of
the Quiet Sun (August 1963, Berkley, Californiat? )
is presently in use.

The oscillations are subdivided into two main
classes: regular (stable) and irregular. The regular
oscillations are quasisinusoidal, stable, and are de-
noted Pc (pulsations, continuous). The class Pc is
divided in turn into five spectral subclasses. The
class of irregular oscillations, Pi (pulsations, irregu-
lar), contains two subclasses (Table I). In the discus-
sion of the concrete types of pulsations, additional
designations are frequently used (pearls, hydromag-
netic hiss, etc.)

1.1, Pearis. The term ‘‘pearls’’ was proposed to
denote series of quasi-monochromatic pulsations in the
Pcl range!'!, An oscillogram of the oscillations ac-
tually recalls a string of pearls (Fig. 3a). The signal
repetition period is 7 ~ 1—4 min, The average oscil-
lation frequency is connected with the repetition period
by a relation of the type 7f ~ 10%. The oscillation
amplitude is of the order of ~10—100 my (#7122 "38]

The envelopes of the signals in magnetically-conju-
gate points are approximately 180° out of phase. In
other words, the pearl appears alternately on opposite
ends of the geomagnetic-field line'®'%2#}  Figure 3a
illustrates this important feature of the pearl. The
signals were recorded at the conjugate points Sogra
(a settlement in the Arkhangel’sk region) and Kerguelen
(an island in the Indian Ocean)!*?),

Sometimes the investigated pearls are distinctly
separated in time. More frequently, however, the sig-
nals overlap each other, producing a complicated pic-
ture of beads. Such pearls are best analyzed with the
aid of a sonograph—an instrument for the construction
of the dynamic spectrum of oscillations!?*). Figure 3b
shows a typical sonogram of a series of pearls. The
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vertical axis represents the frequency and the hori-
zontal time, while the spectral density of the oscilla-
tions is proportional to the density of the plot. Sono-
grams of the same series become identical at conjugate
points if they are shifted in time relative to each other
by half the repetition period.

An analysis of the dynamic spectra shows that in the
overwhelming majority of cases the series of pearls
consist of discrete tones of increasing frequency. The
occasionally observed series of signals with decreas-
ing frequency are more readily the exception than the
rule. The typical slope of the structure elements is
df/dt ~ 0.1 Hz/min'®1, A slow change of the slope,
i.e., a dispersion effect, becomes noticeable in the
course of time at the end of the series. The relative
bandwidth of isolated series is comparatively small:
Af/f ~ 0.2. Broad bands are observed upon appearance
of several series that proceed simultaneously in differ-
ent sections of the spectrum.

The polarization of the bead in the horizontal plane
is elliptic, and the parameters of the ellipse vary
slowly in time, as expected when account is taken of
the fact that the pearls are not fully monochromatic.

It is reported int?) that in conjugate points the hori-
zontal projection of the magnetic-field perturbation
vector h rotates in opposite directions. The north-
south component of the vector h is usually larger in
absolute magnitude than the east-west component.
There are indications that the ratio hy_g/Hw-E in-
creases with decreasing geomagnetic latitude of the
point of observation!?®1,

Pearls with periods T > 2—3 sec appear locally,
and those with periods T < 2 sec appear as a rule
globally, i.e., they appear in observatories that are far
from each other!®*], Cases are known when pearls
were simultaneously observed at medium latitudes and

on the equator'®!, and also at both geomagnetic poles!®!.

Precision measurements have established that the
pearls propagate along the earth’s surface from the
subauroral latitudes in the direction towards the equa-
tor with a velocity ~700—900 km/secl®!:32],

Pearls are a rather rare phenomenon. They occur
sporadically and last on the average about a half-hour.
Sometimes, incidentally, series of pearls continue for
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FIG. 3. Oscillogram of pearl in magnetically conjugate points Sogra
and Kerguelen (2) and dynamic spectrum of the pearl (b).

many hours. A complicated diurnal-latitudinal varia-
tion in the probability of the appearance of pearls is
observed!®'#%), The maximum appearance probability
occurs in early morning hours and at noontime at
medium and high latitudes respectively. A slight in-
crease of the probability of appearance begins approx-
imately one hour after the sudden commencement of a
magnetic storm (ssc)™), Frequently the pearls occur
also 1—3 minutes after ssc and last approximately
~40 minutes'*%), In such cases, however, the dy-
namic spectrum of the oscillations is quite smeared
out and irregular. If, owing to random factors, the ssc
occurs during the time of a series of pearls, then the
signal carrier frequency increases jumpwise by Af
~0.1-0.3 Hz[**,

Sudden starts of the storms (and also sudden pulses
of the magnetic field, si) are associated with only a
small fraction of the total number of series of pearls.
There are reports in the literature that pearls have a
certain tendency to appear in days when the earth is on
the boundary between the sectors of the interplanetary
magnetic field'*®), However, for example, no direct
connection was observed between the appearance of
pearls and the Kp-index of the geomagnetic activity. It
is only known that a large number of pearls appear
during the first week after a magnetic storm!*»*¢],
Many years of observations have also established that
the probability of occurrence of the pearl has a maxi-
mum during the decreasing section of the 11-year
eycle of solar activity®°).

A distinguishing feature of pearls is the absence of
a distinct connection between the instant of their oc-
currence and other manifestations of geomagnetic
activity. This puzzling arbitrariness in the excitation
of the pearls has been the stimulus for an extensive
literature. So far, however, it was impossible to ob-
serve the agent stimulating the excitation of the pearl
(with the exception of ssc). An impression is gained
that the instant of generation is preceded by a certain
preparatory stage of processes that are difficult to
capture.

1.2. Random pulsations

Auroras are characterized by geomagnetic noiselike
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variations in the Pil band. These irregular pulsations
come in a great variety of types and are usually ac-
companied by pulsations, having a similar spectrum, in
the flux of x-rays in the stratosphere, in the aurora
glow intensity, etc. The Pil activity increases follow-
ing the appearance of magnetic bays, during the time

of which there occur also increases in the aurora glow,
in the absorption of cosmic radio noise, and in iono-
spheric disturbances!*'?}, The main cause of this en-
tire set of phenomena are fluctuating fluxes of electrons
with energies ~10 keV, which bombard the polar iono-
sphere(®), Figure 4 shows an example of the close
connection between Pil and the fluctuations of the
aurora glow!*?),

At times, short pulsed bursts of oscillations appear
near local midnight (Fig. 5). The duration of the indi-
vidual pulses is ~1—2 min, Unlike pearls, Pil bursts
have a broad spectrum and are observed simultaneously
in conjugate points!'®*J), They reveal a tendency to oc-
cur in groups of 3--5 pulses with an interval ~5—15
min, The most interesting feature is the quasiperiod-
icity of the bursts. The repetition period of the bursts
shown in Fig. 5 is 7 = 10 min.

During the principal phase of geomagnetic storms,
at evening and pre-midnight hours, broadband pulsa-

\ Pi 1 pulsations \
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FIG. 4. Simultaneous recording of magnetic pulsations and of the
variations of the brightness of polar auroras ['?].

tions with slowly increasing average frequency are
observed!®*-%®) (Fig, 6). During approximately one
half hour, the frequency grows from a fraction of a
hertz to several hertz: df/dt ~ 5 x 107 Hz/sec. The
growth of the frequency is accompanied by a sharp in-
crease of the magnetic activity, by a shift of the lower
limit of the aurora zone to the equator, by the spilling
of particles from the radiation belts, etc. Figure 7
shows an example of a comparison of pulsations of
increasing frequency with data obtained from satellite
measurements of the radiation-belt parameters[gl.

Let us indicate one more type of pulsation—‘‘hydro-
magnetic hiss’’—which can be arbitrarily assigned to
the Pil band. On the sonogram they have the appear-
ance of a broad band centered at the frequency
~0.5 Hz!**], Hydromagnetic hiss occurs during the
night against a relatively quiet magnetic background,
and has no fine structure.

1.3. Long-period pulsations Pc2—5 and Pi2. Pc2
4 pulsations are observed continuously on the earth’s
surface facing the sun. This is the most widespread
form of pulsation (Fig. 8a). The amplitude of the os-
cillations (on the order of ~1—10 y) decreases with
increasing distance from the noon meridian and, at
least within the limits of the medium-latitude belt, it
increases with increasing geomagnetic latitude. The
period of simultaneously occurring oscillations is
practically the same on the entire daytime hemis-
phere[s-s,qs,«s].

Pi2 pulsations are observed in the form of trains on
the night side of the earth (Fig. 8b). The Pi2 amplitude
(on the order of ~10 y) is maximal near the aurora
zone during the near-midnight hours. During the night,
several trains are observed on each observatory. The
number of trains and their amplitude increase during
the time of polar magnetic disturbances. Pi2 are quite
frequently forerunners of magnetic bays!® %% "%1),

FIG. 5. Pulsed bursts of Pi 1 oscillations in the conjugate points Sogra and Kerguelen.
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FIG. 6. Pulsations with increasing frequency.
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FIG. 7. Occurrence of oscillations of increasing frequency (black
vertical strips) during the time of intense variations of the parameter of
the outer radiation belt. The lower figure shows the changes of the flux
of electrons with energies &¢ 2 100 keV near the maximum of the belt;
in the upper figure is shown the boundary of the belt as obtained from
the data of the satellite “Electron-3" [°].
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and represents an extensive cavity of complex configu-
ration(**! (Fig. 9). On the subsolar side, the regular
magnetic field is bounded by a quasispherical surface at
an average distance of 10 earth’s radii; a long magnetic
tail extends on the opposite side. Direct measurements
of the field and of the particle fluxes show that the
boundary of the magnetosphere is in constant motion,
approaching the earth’s surface when the solar wind
becomes stronger, and moving away when the wind
weakens and the normal pressure on the surface of th«
cavity decreases., The corresponding position on the
boundary on the earth-sun line changes on the average
from R ~ 8 to R ~ 12 earth’s radii. It turns out that
the variation of R is accompanied by a change of the
period of the pulsations. A typical example of such a
correspondence is shown in Fig. 10. The lower curve
shows the position of the boundary of the magneto-
sphere, measured with the satellite Explorer-12; the
upper curve is the period of oscillations of Pc2—4,
registered at the medium-latitude observatory
Borok!'%:%%),

|
'\ _M/ W /\J\/\“\/\/\ FIG. 8. Long-period pulsations observed during the day (a) and at

night (b).
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The period of the Pc2~4 and Pi2 pulsations de-
creases monotonically with increasing geomagnetic
activity as characterized by the Kp-index. The nature
of this effect became clear after interesting compari-
sons were made between the spectra of the pulsations
and satellite data on the position of the boundary of the
magnetosphere(*%:15%2],

As is well known, the earth’s magnetosphere is pro-
duced under the influence of streams of solar plasma,

Further analysis of surface and satellite data has
established the following important regularity: the
amplitude of Pc2-4 depends on the orientation of inter-
planetary magnetic fields'®*!, The intensity vector of
the interplanetary field is quite stable in magnitude
(H ~ 5—104), but varies considerably in direction!®*%%),
Figure 11 shows an example of the modulation of the
amplitude of Pc3 when the orientation of the inter-
planetary magnetic field changes in the ecliptic plane.
It is seen that the pulsations vanish and their ampli-
tude decreases below the noise level when the azi-
muthal component of the interplanetary field increases.

The interplanetary field component H; perpendicu-
lar to the ecliptic is as a rule several times smaller
than the modulus of the ecliptic projection'®!, None-
theless, the nighttime trains of Pi2 are sensitive to
changes of just this component. Trains appear most
frequently about 20-40 minutes following the reversal
of the direction of Hyp from north to south, and the
amplitude of Pi2 is connected in some manner with
the magnitude of the AH, jump (Fig. 12)3,
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Oscillations of the type Pc5 are localized in rela-
tively narrow bands stretching along the geometric
parallels, and unlike Pc2—4 and Pi2 their period has
a sharply pronounced dependence on the latitude ¢, of
the point of observation!®!, In the interval from Yo
~70° to ¢, = 60°, the period decreases monotonically
from T ~ 500 sec to T ~ 200 sec. There are grounds
for assuming that oscillations with an analogous
property exist at lower latitudes. At ¢, < 60°, under
ordinary conditions, they are apparently masked by
global pulsations with a period that does not depend on
¢@o. At any rate, there are trains of oscillations with a
period T = T(¢,), which can be observed up to ¢,
~ 53° are excited in the case of ssc!®*%8),

Unfortunately, we are unable to present a complete
review of all the pulsation properties revealed as a
result of many years of observation. The morphology
of the pulsations is described in greater detail in the
reviews!® 2% and in the periodic literature.

2. Oscillations and Waves in the Earth’s Magnetosphere

The interpretation of geomagnetic pulsations con-
sists primarily of identification of the concrete type of
pulsations with definite forms of wave fields in the
magnetosphere. Noticeable progress was made recently,
although the problem cannot be regarded as completely
solved.

The amplitude of the pulsations is small enough to
be able to use in first approximation the linear theory
of wave propagation in the plasma. In the Pel band it
is permissible, further, to use the geometrical-optics
approximation. However, in the P¢c2-—5 range the
lengths of the hydromagnetic waves are commensurate
with the dimensions of the magnetosphere, so that it is
necessary to employ other approximate methods or
else a numerical calculation. The collisions between
particles play an important role at ionospheric alti-
tudes (60—600 km above the earth’s surface). In other
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regions of the magnetosphere, the plasma can be re-
garded as collisionless.

These preliminary remarks justify the sequence
that we shall use in the exposition of the material.

2.1, Wave propagation in the geometrical-optics
approximation. The local refractive index of the
medium n = ck/w is determined by solving the disper-
sion equation(®%!

kkﬁ

1)

Det {eq5 —n? (8x

where w is the frequency of the plane wave

~exp(ik-r - iwt), kg are the components of the wave
vector k, 68 is the Kronecker symbol, and @ and 8
run through the values 1, 2, and 3. The form of the die-
lectric tensor €yg depends on the concrete properties
of the medium. If we neglect collisions and the thermal
motion of the particles, then the tensor €4p is Her-
mitian and its form in a rectangular coordinate system
with z axis directed along the external magnetic field

His e ig O
0 0 n

£ =1 ; 39_1__2 o5; -1 of;
= "ka(m—sz,-)’ = o e@rgy N7 _Z‘m—z’

i H i

= (LR, g=a(L— ). @)

= w/41re]?Nj 7mj is the plasma frequency, Qi
= ejH/mjc is the gyrofrequency, ej, m; and Nj are
the charge, mass, and the concentration of particles of
species j, and c is the speed of light. The summation
is over all the species of particles making up the
plasma.

A magnetoactive plasma is a dispersive anisotropic
medium, i.e., n depends on w and on the angle ¢
between k and H. Two transverse waves of circular
polarization propagate strictly along the external mag-
netic field (8 = 0); the magnetic vector h of one wave
rotates in the right-hand direction, and that of the
other in the left-hand direction (when viewed along H).
We shall speak for brevity of % and £ waves, as is
customary in the geophysical literature. The square of
the refractive index for these waves is equal to n? = .»#
and n? = Z respectively (see (2)). If the plasma con-
sists of electrons and ions of only one species, then at
0 =0 and w << Qe we have

Here wgj

g (3)

() = T oy

where ng = ¢/vy, v4 = H/Y4mmN is the Alfven velocity,
Qe A is the gyrofrequency of the electrons and ions, and
N is the electron concentration. At still lower frequen-
cies (w < £i), we have for the refractive index n,
~ ny and n. ~ na/|cos 6 |. In magnetohydrodynamics,
these waves are known as the fast magnetosonic and
Alfven waves!®®), If 6, =0, the polarization of the
hydromagnetic waves is almost linear (a strongly ob-
late ellipse)., The magnetic-field perturbation vector
h in the Alfven wave is perpendicular to the plane of
the vectors k and H; in the magnetosonic wave h is
perpendicular to k and lies in the plane of k and H.
Let us indicate the main limits of applicability of
the presented formulas. The plasma pressure should
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be much smaller than the magnetic pressure:

N(Te + Tj) < HY/87 (Te j—particle temperature). In
the magnetosphere this condition is satisfied with a
large margin!®}, For the £ wave, formula (3) is valid
when |1 - @j/w|¥? < vri/va, where vri = V2Ti/mj.
In the magnetosphere, va ~ 3 X 10"~5 x 108 cm/sec,
and the thermal velocity of the ions changes from vTj
~ 4 x 10* cm/sec in the ionosphere to vTj ~ 3 x 10°
cm/sec on the periphery of the magnetosphere. Thus,
expression (3) for n,(w) is not valid only at frequen-
cies directly adjacent to the ion gyrofrequency. The
formula n- =ny /| cos 8| is incorrect only in a narrow
angle interval close to /2.

The plasma next to the earth contains several types
of ions with different charge/mass ratios. Up to alti-
tudes on the order of 1000~~2000 km, the plasma con-
tains oxygen, nitrogen, helium, and hydrogen ions. At
these altitudes, however, we have w < Q5 in the mag-
netic-pulsation band, and the fact that the plasma is a
multicomponent one can be taken into account in ele-
mentary fashion by introducing a suitable expression
for mj in the formula for the Alfven velocity. With
increasing distance from the earth, the concentration
of the heavy ions decreases rapidly practically to zero.
As to the He" ions, their presence was observed up to
altitudes ~30,000 km!®] (at a relative concentration
£ = N(He')/N ~ 0.01). A formula for the refractive
index of a plasma consisting of electrons, protons, and
helium ions was obtained inl®"»*®], The dispersion
curves for a proton-helium plasma are shown in Fig.
13. We note that the presence of a small admixture of
He® ions greatly influences the behavior of the dis-
persion curves only in the immediate vicinity of the
gyrofrequency Spe*.

In the geometrical-optics approximation, the direc-
tion of velocity of propagation of a wave packet is
given by the group-velocity vector vgr =3w/0k. The
projection of vgr on k is'!

l/‘gr' i Uim‘g N (4)
du
and the angle between k and vgy is

WP oaaretg { ,,,% 38 } . (5)

Figure 14a shows the dependence of vgr oOn wfor
7 waves at 6 = 0 and different values of £[°), The
group velocity decreases rapidly when w approaches
the gyrofrequencies. Figure 15 illustrates the effect
of channeling of the Z waves by an external magnetic
field (£ = 0)["°), We see that the angle o = 6 — § be-
tween vgr and H does not exceed 12.3° at all direc-
tions of the vector k. In other words, a packet of Z
waves propagates almost exactly along the external
magnetic field. For % waves, a similar magnetic-
focusing effect occurs in the whistler band (2 K w
< fe). In the band of interest to us, the % waves
propagate isotropically (¢ < 1) with a group velocity
on the order of the Alfven velocity.

Observations of pearls in conjugate points clearly
indicate that the trajectories of the signals in the mag-
netosphere are the force lines of the geomagnetic
field!'®"72 Since a special plasma distribution is
necessary for the focusing of the .# waves (see below),
it is natural to assume that the pearls are packets of
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FIG. 13. Dispersion curves in a proton-helium plasma. The cases of
longitudinal and transverse propagation are shown. The arrows designate
the character of polarization of the waves.
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FIG. 14. Group velocity of £ waves. a) Group velocity in a station-
ary plasma; b) correction due to the plasma motion.
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FIG. 15. Effect of magnetic focusing of £ waves (see the text) [ 7°].

& waves!"™"2], This makes it also possible to explain
the inclination of the structure elements on the sono-
grams to the time axis (see Fig. 3). In fact, when a
packet of Z waves propagates upward along a force
line, the carrier frequency a approaches the gyrofre-
quency of the ions, and the packets spread out as a
result of dispersion. The low-frequency components
lead the high-frequency components, so that a signal
with rising tone is observed on the earth’s surface.
The reflection of the signal from the ionosphere at the
conjugate points leads to the appearance of a series of
pearls.
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The repetition period of the pearls is
T(0)=2 S _ar (6)

[vep | ”

where d! is the element of the trajectory r (of the
force line), and the integral is taken between the conju-
gate points. In a spherical coordinate system, the
equation of the force lines of the dipole field is given by

)

.
— =Lcos® g,
Te

where ¢ is the geomagnetic latitude, and L is the
distance to the crest of the force line in units of the
earth’s radius re = 6.4 X 10% cm. The magnetic field
intensity along the force line with parameter L is

; ®)

Hy YV1+-3sinZg
L3 cos @

where H, = 0.31 G is the geomagnetic field at the
equator. The distribution of the plasma concentration
can be specified, for example, in the form N = Ny(re /1)
Figure 16 shows the dynamic spectra of the & waves,
calculated by means of formulas (3), (4), (6)—(8)l"2,

To simplify the calculation, it was assumed that the
signal is instantaneously emitted at the latitude ¢o.

Let us estimate the applicability of geometrical
optics to the present case. We put n ~ ng in the well
known condition |1/n?dn/dl ¢/w| < 1. Then d In n/di
< dIlnH/dl ~ 3, where [ is the coordinate along the
force line and is reckoned from the center of the mag-
netic dipole. If we recognize that the repetition period
T is of the order of magnitude of ~6rgL/vgy, then the
indicated condition can be written in the form 7f
> 3rel/l. Since 1< I/re S 1.5L and fr ~ 107 (see
Sec. 1.1), the use of geometrical optics is apparently
justified.

Comparing the theoretical sonograms of the pearls
with those observed experimentally, we can estimate
the ratio of the carrier frequency w to the gyrofre-
quency of the protons at the crest of the trajectory.
The value of w/ {ip measured in this manner varies
from case to case in the range ~0.3—0.7, and its
average value is ~0.5!"*"""), Similar figures were ob-
tained in!™® by an independent method. But this means
that w is larger than Qpe* at the crest of the trajec-
tory["®®]), Consequently, a packet of 2 waves propa-
gating from one conjugate point to another can cross
two non-transparency bands symmetrically located
relative to the plane of the equator (see Fig, 13). The
signal amplitude attenuation is of the order of!™!

(A (dB)=~ 5.4 x 10" [£¥%¢/va]. At typical values
£~ 107 va ~ 10° cm/sec and f ~ 1 Hz, the attenuation
is quite large, A ~ 54 dB.

In order to reconcile the presence of He® ions in
the magnetosphere with the results of the measurement
of the ratio w/Qp, it is necessary to conclude that the
trajectory of the pearls is ‘‘combined’’ (Fig. 17)[""1,
The signal propagates from the crest of the force line
in the form of a packet of & waves. At the point of the
trajectory where w= Qpe*, inversion of the polariza-
tion takes place, and the signal finishes its further
path towards the earth in the form of .» waves propa-
gating in a plasma column layer that is elongated along
the force line. Since the dispersion effects occur
principally in the crest part of the trajectory, the form
of the dynamic spectra remains practically unchanged.
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FIG. 16. Theoretical sonogram of pearls [72]. The dashed line on the
last figure shows the value of the gyrofrequency of the protons at the
crest of the force line.
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FIG. 17. *“Combined” trajec- x\“{'e
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The condition under which the curvature of the rays
resulting from the refraction of % waves in an inhomo-
geneous medium is equal to the curvature of the geo-
magnetic force lines is determined in!®), In the fre-
quency region w < £{, the magnetic focusing of the .»
waves is possible only if the plasma concentration de-
creases quite sharply in a direction perpendicular to
the magnetic shell. A similar concentration gradient
exists in the region of the so-called ‘‘knee’’ (or plasma
pause!®®]) the position of which varies in the inter-
val L ~ 4—6, depending on the level of the magnetic
activity. One cannot exclude the existence in the mag-
netosphere of other formations of the type of elongated
plasma fibers, capable of channeling the .» waves,
However, in the region where the plasma-concentra-
tion gradients are abrupt, geometrical optics is not
applicable and a more rigorous calculation is neces-
sary to justify the hypothesis of combined pearl tra-
jectory.

We shall not consider here other types of low-~fre-
quency waves that probably exist in the magnetosphere,
since their identification with the pulsations observed
on earth is still problematic. We point out, however,
the slow magnetosonic waves that possibly contribute
to the spectrum of the random pulsations in the aurora
zone. The dispersion relation is of the form!®®!

w =kvg | cos 0|, and the damping decrement is

y ~ Yme/mj. Here vg = VTe/mj, and it is assumed
that Te > Tj, for otherwise the waves attenuate
strongly. At L ~ 7 and vg ~ 5 x 10° cm/sec, the
travel time of the wave packet from one conjugate point
to the other is of the order of 7 ~ 1 hour. From the
condition 7, ~ 1 we find that waves with a period

T 2 1 min attenuate weakly.

So far we have spoken of propagation of waves in an
immobile plasma. Under cosmic conditions, however,
a moving plasma is a prevalent phenomenon. In inter-
planetary space, solar corpuscular streams are trans-
ported with large velocities. In the magnetosphere,
there exists a complicated system of convective, drift,
thermodiffusion, and similar plasma motions. Finally,
the plasma is in motion relative to an electromagnetic-
wave receiver mounted on a satellite or a rocket,
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The distortion of the trajectory and the additional
delay of the signals propagating in a moving plasma
are small as a rule. One can therefore use the expres-
sion for the refractive index n’ of a moving plasma,
accurate to terms of first order in 8 = u/c[“]:

R~ n--p. {(l»fn don \ cosy 1 an (1_6()S'}'COSB)} (9)

ow cosm noveost cos v

Here n is the refractive index of the plasma at rest,
and if u is the plasma motion velocity, then Bz =uy/c,
uz =u cos 1, and y and 7 are the angles that u makes
with the vectors k and H respectively. The group-
velocity correction 8vgy = |vgy - vgr|, calculated by
means of formula (9), has a maximum in the gyrofre-
quency region (Fig. 14b). The experimentally observ-
able features of wave proPagation in a moving cosmic
plasma are considered in!®s%],

2.2. Natural oscillations of the magnetosphere. In
the calculation of the spectrum of the natural oscilla-
tions of the magnetosphere, one usually starts with the
linearized system of equations of ideal magnetohydro-
dynamics'®"!

oh . v
-— - —crotl. p—
L B Jt

i

E- 7%[\'11]”( oy

j —,:; rot h.
where p = Nmj is the plasma density, E, h, v, and j
are small perturbations of one order. In Egs. (10), we
have omitted the displacement current and the pres-
sure gradient. In addition, we have neglected the Hall
effect, the Joule dissipation, and effects of viscosity
and thermal conductivity. The validity of the equations
in this form for the description of oscillations of the
magnetosphere is discussed in!®"],

Differentiating the first equation of (10) with respect
to time and eliminating the field E from this equation
with the aid of the remaining equations, we obtain a
wave equation for h:

o2h

rot {(Aap) {[H [ rot h]]j -~ =2 0. (11)
Similarly we obtain an equation for E:
(hap) M H rot rol E])— 222 _ o, (12)

e

Equations (11) and (12) are equivalent, but one or the
other turns out to be more convenient in the solution of
concrete problems.

In a certain degree approximation we can regard the
magnetosphere as actually symmetrical and seek solu-
tions of the wave equation that depend on ¢ like elM¢
where m =0, 1, 2,..., and ¢ (which must not be con-
fused with the symbol for latitude) is the azimuth of
the spherical coordinate system (r, ¢, ¢ ) with polar
axis along the symmetry axis. The form of the wave
equation greatly simplifies if the oscillations are also
symmetrical (m = 0). For this case we have two un-
coupled second-order differential equations'®’, One of
them describes the so-called torsional oscillations

Cr=in )y (UNTY [Cp) ! (rsin ) 2 (Y 3 (hyrsin )] - lf://:”‘ , (13)
and the other the polhode oscillations
ooz ~sin o 1 " 1oty
|7 ol P Y| BN ST R :l 1A v, ot (14)

*jH)=j X H

-~
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We have introduced here the symbol x = r sin vE.
Oscillations of this class are linearly polarized, and
in the torsional oscillations h = (0, 0, h(p) E = (Ey,
Ey, 0), v = (0, 0, v), and in the polhode oscillations
h = (hr, hy, 0), E =(0, 0, Ey), and v = (vr, vy, 0).
When m # 0 the situation is much more complicated.
A certain simplification again arises at very large
azimuthal numbers!®»®! put none of these cases have
been sufficiently investigated. Principal attention has
been usually paid to Eqs. (13)—(14), since they can be
easily solved by numerical methods.
The boundary condition for the torsional oscillations
is specified on the earth’s surface, and in view of the
high conductivity of the earth’s crest, it is given by

E, (r=r)=0, (15)

where Et is the horizontal projection of the electric
vector. In other words, the surface impedance of the
earth is assumed equal to zero*. In investigations of
polhode oscillations, the boundary conditions must in
general be specified on the earth’s surface, on the
outer surface of the magnetosphere, and generally
speaking on other separation surfaces, for example on
the surface of the plasmapause!°%%],

Equation (13) describes oscillations of magnetic
shells, wherein the different shells oscillate independ-
ently of one another. To calculate the spectrum, a
model of the magnetosphere is specified, and as a rule
Eq. (13) is solved numerically subject to boundary
condition (15)°**%), Figure 18 gives an idea of the so-
calculated dependence of the period of the fundamental
mode of torsional oscillations on the latitude of inter-
section of the magnetic shell with the earth’s surface!®.
Curve 1 corresponds to the model of the magnetosphere
with a higher average density than curve 2.

The torsional oscillations can be identified with
geomagnetic pulsations whose period depends on the
observation latitude (Sec. 1.3). The dashed line in Fig.
18 is drawn through experimental points known from
the literature!®»*®), It is seen that at low latitudes the
observations are in better agreement with curve 1, and
at high latitudes with curve 2. Since the break occurs
at a latitude ¢, ~ 60° (L ~ 4), it can be assumed that
this effect is a reflection of the existence of the plasma-
pause. (The existence of the plasmapause was not taken
into account in the calculation of 1 and 2.)

S

_ é,/%"% i

FIG. 18. Dependence of the
period of the torsional oscillations
on the geomagnetic latitude.

Period, sec
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*In the micropulsation range, the impedance of the earth’s surface
is quite small, but of course differs from zero. The dependence of the
impedance on the oscillation frequency is used for electromagnetic
sounding of the earth in order to study the structure of its depth and to
search for useful minerals [3°°'].

Tt )
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Polhode oscillations described by Eq. (14) encom-
pass the entire resonating region or else an appreciable
part of it. The period of the oscillations depends little
on the geomagnetic iatitude. Analogous properties are
possessed by pulsations of type Pc2--4. On this basis,
they are assumed to be polhode oscillations of the
magnetosphere(® '%*%*] I order of magnitude, the
period of the oscillations is equal to T ~ R/vy, where
R is the characteristic dimension of the resonator,
The distance from the boundary of the magnetosphere
to the plasmapause is R ~ 5 re, and the distance to
the surface of the earth is R ~ 10re. At vy ~ 108
cm/sec, we obtain T ~ 30 sec and T ~ 60 sec, respec-
tively.

There is no doubt that oscillations of the real mag-
netosphere can greatly differ from torsional or polhode
oscillations. In this connection mention should be made
of!®® where a direct variational method was used to
estimate the natural frequencies of oscillations with
large azimuthal numbers (m >> 1). The authors of %]
assume that these are precisely the oscillations that
are observed in the form of Pc2-4 pulsations.

2.3. Wave propagation in ionosphere layers. On ap-
proaching the earth, the density of the neutral atmos-
phere increases exponentially, and below a certain level
the gas becomes only partially ionized. Below ~500 km,
the collision of the electrons and ions with the neutral
molecules begin to influence strongly the character of
the propagation of the hydromagnetic waves; below
~150 km, this influence turns out to be decisive.

Another feature of wave propagation in this altitude
region is connected with the sharp vertical inhomogen-
eity of the medium. This leads to formation of a hydro-
magnetic waveguide, in which the pulsations can propa-
gate along the earth’s surface.

The dielectric tensor €gg of the partly ionized gas
is obtained from (2) by formally replacing mj by
mj(1 +ivj/w), where vj is the frequency of the colli-
sions between the charged and neutral particles., No
account is taken here of the electron-ion collisions or
of the oscillations of the neutral gas. However, in the
pulsation range, the influence of these factors is small.
Knowing the expression for €gg in terms of the plasma
parameters, we can choose a concrete model of the
ionosphere and attempt to solve in some manner the
wave equation!®!

(16)

where Dy = €o8 Eg. Even when account is taken of the
fact that the ionosphere can be regarded as horizontally-
layered, the problem of integrating (16) is in the gen-
eral case very complicated, and it is necessaryto con-
fine oneself to an analysis of individual particular cases.

Many investigations have been devoted to the calcu-
lation of the propagation of vertically incident plane
waves through the ionosphere!®®-1%], Figure 19 gives
an idea of the frequency dependence of the amplitude
transmission coefficient of .# and % waves through the
daytime ionosphere (solid and dashed lines)!®®), The
ionosphere is much more transparent at night than in
the daytime.

In the case of oblique incidence, the .# waves can
become captured in the ionosphere layers. The exist-
ence of a hydromagnetic waveguide can be understood

AE—graddivE -~ (:)—j D=0,
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FIG. 19. Coefficient of transmission of
hydromagnetic waves through the daytime
ionosphere [*°]. | — Maximal solar activity, ;|
2 — minimal solar activity.
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FIG. 20. Ionospheric wave guide.

from the following qualitative considerations. The ver-
tical profile of the refractive index n(z)~ ¢/vqy

~ const - N*3(z) duplicates the profile of the plasma
concentration, i.e., it has a maximum at an altitude of
approximately 300 km. Since, as is known from geo-
metrical optics, the rays bend towards the larger re-
fractive index, the % waves will be concentrated
towards the plane z ~ 300 km (Fig. 20)!1°%,

A rigorous theory of the hydromagnetic waveguide
should include a description of the structure of the wave
source and take into account the coupling of the modes,
the sphericity, and the horizontal inhomogeneity of the
ionosphere, etc. For perfectly clear reasons, no such
complete theory has yet been developed. At the pres-
ent time the principal efforts are directed at refining
the qualitative picture. Simplified models are used to
carry out numerical calculations of the critical fre-
quency of the waveguide the phase and group velocity!'®*,
the coefficient of waveguide attenuation!'®) the wave
polarization!'®! etc. Methodological problems are
being solved in the theory of wave propagation in in-
homogeneous anisotropic media such as the iono-
sphere“m"“].

The fact that pearls with periods T < 2 sec are ob-
served globally, and those with T > 2 sec more or less
locally,m is indirect evidence of the existence of a
waveguide with critical frequency ~0.5 Hz. The most
direct proof of the waveguide propagation of pearls
along ionospheric layers was provided by exact meas-
urements of the time of arrival of individual signals at
remote observation points. The obtained propagation
velocity of pearls (several hundred km/sec) is close to
the Alfven velocity in the F2 layer of the ionosphere!'®®],

3. Mechanisms of Pulsation Excitation

The cause of almost all types of geomagnetic pulsa-
tions is the instability of the cosmic plasma surround-
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ing the earth*. Pulsations in the short-wave section of
the spectrum (pearis, hydromagnetic hisses, oscilla-
tions with increasing frequency) are excited because of
the kinetic instability of the distribution of the high-
energy particles filling the magnetosphere. To the
contrary, the long-wave pulsations (natural oscillations
of the magnetosphere) are excited by instabilities of the
hydrodynamic type, which occur, for example, when the
solar wind flows around the magnetosphere.

The theory most thoroughly developed in the linear
approximation is that of cyclotron instability of pro-
tons from the outer radiation belt!%®+!*"1'*] The insta-
bility which many authors believe to be the cause of
the pearls is due to the anisotropy of the velocity dis~
tribution of the high-energy protons. Progress was
made also in the theory of excitation of waves on the
surface of the geomagnetic cavity'®"*'*] we present
below the main results of these investigations. In pass-
ing, we discuss other generation mechanisms.

It should be noted that the development of the pulsa-
tion theory is only just begun, and many basic questions
are not yet clear. This pertains primarily to the differ-
ent nonlinear effects that occur in an unstable plasma.
The waves growing inside the magnetosphere exert a
noticeable influence on the distribution of the particles
in the radiation belts'®%%3; strong turbulence develops
on the periphery of the magnetosphere. The qualitative
features of certain types of pulsations point to a hard
regime of their excitation, i.e., the nature of such pul-
sations cannot be understood at all within the frame-
work of the linear theory of instability. A thorough in-
vestigation of geomagnetic pulsations, on the one hand,
and progress in plasma physics, on the other, will
presumably lead in the nearest future to a deeper un-
derstanding of the mechanisms of excitation of low-
frequency waves in the magnetosphere.

3.1. Kinetic instability. The resonance condition,
under which effective energy exchange takes place be-
tween a wave and a particle, is given by[eo]

)

where §; is the gyroirequency and u is the projection
of the particle velocity on the external magnetic field,
The kinematic meaning of (17) is that in the coordinate
system in which the Larmor center of the particle is
immobile, the wave frequency is either equal to zero
(s =0) or else is a multiple of the particle gyrofre-
quency (s #0). If s =0, then (17) coincides with the
condition for Cerenkov radiation; otherwise, (17) is the
formula for the normal and anomalous Doppler effect
for an oscillator of frequency 2, if s >0 or s <0,
respectively.

The resonant character of the instability of high-
energy particles in the magnetosphere makes it possi-
ble to use expression (17) to estimate the spectrum of
the frequencies of growing waves!®* %21, For example,
in the case of resonance between protons and trans-
verse waves traveling rigorously along the external
magnetic field, we have['!®!

© sQp - hecos0l s 0, 10 2220 00

*The only possible exception are magnetic fluctuations of the type
shown in Fig. 4. They result from rapid variations of the jet stream flow-

ing in the auroral zone at an altitude of approximately 120 km ['21%%
ll()].
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(1) sy (18)
This expression was obtained from (17) by eliminating
k = (w/c)n with the aid of (3). If u > vy, then w
~ Qp(va/u). Near the maximum of the proton belt
(L ~4), Qp ~ 47 rad/sec, va ~ 7x 10" cm/sec, u~ 17
x 10% em/sec, and w ~ 4.7 rad/sec.

In the approximation linear in the wave amplitude,
the stability of a homogeneous plasma is investigated
by analyzing the roots of the dispersion equation (1), in
which suitable expressions are substituted for the com-
ponents of the tensor €yg, which depend on the particle
velocity distribution function!®"®*], (General formulas
for €g@ are given, for example, in the review!®?.) The
magnetosphere is filled with a low-temperature plasma,
which can be regarded as cold, and a small admixture
of high-energy particles. Under these conditions, the
dispersion equation for the hydromagnetic waves
traveling along the force lines takes the form!(*!*~**°]

Qe % e L R
2, P TN GO fy0f o
I 2o (@) - —inte \ vt de [——J‘ . .
= RIS L, o v v

o2

(19)

0

Here wop = v4me?N/mp, N is the concentration, and
f(vy, vz) is the velocity distribution function of the
high-energy protons. (The interaction with the elec-
trons is ineffective in this case.) The resonance takes
place at the first harmonic of the proton gyrofrequency:
u=(w= Qp)/k. The upper and lower signs pertain to
7 and & waves, respectively.

Weput w =Re w >0 and k =k’ +ik”". K k" >0,
then the waves attenuate; but if k” < 0, then they grow
and the system is unstable. When [k"/k’| < 1, the
real part of the wave number is determined by the cold
plasma parameters: k' = (w/c)ny, where n. is given by
(3). The imaginary part depends on the concrete form
of the distribution function of the high-energy protons.
By choosing a two-temperature Maxwellian distribution

mprs mpey
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we obtain

s T Q, 7 w - e
[ (g e T
1)
If the velocity distribution is isotropic (T = Ty ), then
the waves attenuate, At ‘‘positive’’ anisotropy (T
> Ty ), the & waves become intensified and the .»
waves attenuate, and vice versa in the case of ‘‘nega-
tive’’ anisotropy. Knowing k” as a function of the
parameters of the medium, it is possible to calculate
in the geometrical-optics approximation the coefficient
of amplification (attenuation) of a wave packet passing
through a definite segment of path in the magneto-
sphere:

K (o) L2 i(u,'x )

2wy

A) o, il
"
The described scheme is used, in various modifications

in the analysis of the instability of the proton
belt[GS,lll—llS]* R

>

*The inhomogeneity of the magnetosphere is taken into account in
[#5) more correctly than in the present paper, and the formula obtained
there for the gain is valid in the relativistic case.
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In the proton belt, the transverse particle energy is
larger than the longitudinal energy, i.e., positive
anisotropy is obtained and £ waves build up. On a
given L-shell, the instability develops most rapidly
near the equatorial plane. The dependence of the reso-
nant frequency on L is given by the formula
w ~ 300/L° rad/sec.

The instability has a convective character, i.e., the
proton belt acts as an amplifier for gyromagnetic sig-
nals. Inasmuch, however, as the amplified signal re~
turns to the system after being reflected from the iono-
sphere, positive feedback is produced and the belt can
go over into the generation regime. The total amplifi-
cation coefficient following two passes of the signal
through the radiation belt is approximately equal to
(see, for example,!*®)

A(L) (dB) ~ 1073 (TI;)—)‘[;\A.?.Olg (71—) , (22)
where P is the coefficient of reflection from the iono-
sphere. At the maximum (L = 4), the flux of protons
with energy < 100 keV is of the order of*?! [~ 6
x 10" ecm™ sec™, and the degree of anisotropy of the
temperatures A = (T;/Ty - 1)~ 1, from which it
follows that generation occurs when P 20.15 (at a fre-
quency ~0.7 Hz). The transition to the supercritical
state is possible both when IA increases and when the
wave-energy loss in the ionosphere decreases. Since
the quantity IA is apparently not strongly dependent on
the time of the day, and the absorption in the ionosphere
is smaller during the night than in daytime, the most
favorable for generation are the night hours.

With increasing growth of oscillation intensity, dif-
ferent nonlinear processes come into play. Inf“zf, the
scattering of protons by hydromagnetic waves is con-
sidered in the quasilinear approximation. The particles
diffuse over the pitch angles, the degree of anisotropy
decreases, and a certain fraction of the captured parti-
cles falls in the loss cone and leaves the boundaries of
the geomagnetic trap, If the particle source is station-
ary, then the result is a stationary spectrum of hydro-
magnetic noise, a stationary flux of particles to the loss
cone, and a stationary distribution of the captured
particles. It is possible, incidently, that the spectrum
of the hydromagnetic noise in the proton belt is deter-
mined more readily by the interaction of the waves witk
one another than by the quasilinear diffusion(*®},

It is doubtful whether pearls can be excited as a re-
sult of these processes, as is proposed inl®%:!1113, 1151
It is difficult to understand how an instability of the
proton belt can lead to the formation of narrow-band
signals that appear alternately in conjugate points. It
is probable that hydromagnetic hisses, having no dis-
crete structure (see Sec. 1.2), are excited in the proton
belt!e3,

The radiation of the proton belt is maximum on the
L ~ 4 shell, whereas the trajectories of the pearls pass
much higher!”*7®) pamely L ~ 5—8. A preliminary
analysis of the isolated series of pearls has shown!'?!
that the proton flux at the maximum of the radiation
belt is perfectly sufficient for the excitation of waves
with the observed value of the gain in the range w/Q
~ 0.1. At the same time, similar values of w/Qp were
never really registered: the ratio of the frequency of
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the pearl to the gyrofrequency of the protons at the
crest of the force line varies in the range ~0,3--0.7.
The energy of the resonant protons amounts in this
case to several keV (see Ch, III, Sec. 2). Moreover,
according to the data of(**]; the gain at the start of the
series increases quite frequently with time, i.e., the
growth of the amplitude is steeper than exponential. It
can be proposed that the generation of the pearls oc-
curs as a result of nonlinear instability with a hard
regime[”]. In the generation region, the magnetosphere
is stable against small perturbations, but wave packets
of finite amplitude, occurring as a result of the fluctua-
tions, become amplified and are observed in the form
of pearls,

It is not easy to construct a concrete model of non-
linear instability. We call attention, however, to the
following circumstance!'”), The fact that the carrier
frequency of the pearl lies in the range Qpe* < w
< p does not seem accidental, for only in this case
can the signals have a combined trajectory (see Fig.
17). In the linear approximation, the wave becomes
amplified on the ‘‘ # section’’ of the trajectory, and
attenuates on the ‘“%# section’’ (see (21)). The total
gain of the small-amplitude waves (when there are no
captured particles) is smaller than zero, i.e., the sys-
tem is stable. When a packet of waves of finite ampli-
tude appears, capture of the resonant particles in the
potential well of the wave becomes possible, the damp-
ing on the ‘‘J section’’ decreases, and the amplitude
of the packet beings to grow. On the other hand, if a
situation is produced in the magnetosphere wherein the
7 wavesbecome amplified in the range w < Qge*, then
the trajectories are simple, and hydromagnetic hisses
become excited, but no pearls whatever,

We shall now discuss briefly the properties of pul-
sations with increasing frequency (see Fig. 6). Inl*®!#1
one of the causes of the growth of the frequency is con-
sidered to be the change of the resonant properties of
the ionosphere during the time of a magnetic storm.
However, from this point of view it is difficult to ex-
plain the striking equality of the spectra at the conju-
gate points. Apparently, the change of frequency oc-
curs directly in the generation region, which is located
symmetrically with respect to the conjugate points,
i.e., near the plane of the equator.

It is widely believed that depression of the geomag-
netic field during the time of the principal phase of the
storm is due to an annular current of protons with
energy ~10 keV, drifting around the earth in the
western direction!'#]), It has been proposed in!*!**28]
that pulsations with increasing frequency are excited
as a result of cyclotron instability of the protons of
the annular current. Under the influence of the increas-
ing hydromagnetic noise, the protons diffuse over the
pitch angles and are spilled into the loss cone. The
depression of the magnetic field decreases in the
generation region, and the pulsation frequency in-
creases. Observations, however, agree better with the
point of view that the growth of the frequency is due to
displacements of the resonant particles inside the
magnetosphere under the influence of the large-scale
electric field (see Ch. II, Sec. 2.3).

We mention, finally, an investigation(*'") of the
mechanism of generation of pulsed bursts of oscilla-
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tion (see Fig. 5). The broad spectrum and the absence
of dispersion indicate that the pulsations are excited at
the lower ends of the force tubes, and the close connec-
tion between the appearance of bursts and the auroral
activity makes it possible to identify the generation
mechanism with instability of electron beams that
penetrate into the auroral zone from the periphery of
the nighttime magnetosphere.

3.2. Hydrodynamic Instability. The magnetosphere
boundary over which the solar plasma flows is un-
stable against the buildup of surface waves!®**®], The
instability mechanism is similar to that leading to the
appearance of wind waves on water,

In the simplest model, the magnetosphere boundary
is flat and abrupt. On one side of the boundary (in the
“‘magnetosphere’’) there is an immobile plasma with
density p,, and the magnetic field H: is parallel to the
boundary. On the other side (in the ‘‘solar wind’’) a
plasma with density p, moves parallel to the boundary
with velocity U, and there is no magnetic field (Hz
=0), Such a discontinuity in the parameters of the
medium is classified in magnetohydrodynamics as
tangential[sgl. If the plasma is assumed to be incom-
pressible, then the condition for the instability of the
tangential discontinuity is given by '

ey 3/2
Uk > Hk (-2'-,“7)—) )
The fastest to grow are surface waves traveling across
the magnetic field ™3,

It is assumed that a similar instability of the sub-
solar sections of the magnetosphere surface is re-
sponsible for the excitation of the daytime pulsations
of the Pc2—4 type. However, the described model is
overly simplified to attempt to obtain experimental
confirmations of the hypothesis. In'®, account was
taken of the curvature and finite thickness of the
boundary, and mechanisms whereby the surface waves
are transformed into natural oscillations of the mag-
netosphere were found. The transformation into oscil-
lations of the Alfven type is effected in a linear manner
(mode coupling), and the magnetosonic oscillations can
be excited nonlinearly—with frequency doubling. There
are known examples, when the period of the oscilla-
tions observed at the Lovozero high-latitude observa-
tory was T = 30 sec!*], It is perfectly probable that
in these cases magnetosonic waves were observed in
Borok and Alfven waves in Lovozero!®],

An analysis of effects connected with the cessation
of Pc2--4 affords another possibility of verifying the
hypothesis concerning the mechanism whereby oscilla-
tions of this type are generated. According to the re-
sults of®*)) the Pc2—4 vanish when the ecliptic projec-
tion of the interplanetary magnetic field changes its
orientation and becomes almost perpendicular to the
sun-earth line (see Fig. 11). It must be assumed that
we are dealing here with stabilization of the tangential
discontinuity by the magnetic field H.. For a flat model,
the condition for the vanishing of the instability is{*%]

23)

15 I ATom N g
//f.\irnzijﬁ‘ E‘Hlirljﬁz (74:17'7.‘) L,

where ¢ is the angle between H, and H;, and B, is
the angle between H, . and U. Figure 11 was con-
structed by using data on the interplanetary field be-
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hind the front of a frontal shock wave, i.e., in the un-
perturbed solar wind (see Fig. 9). On passing through
the front, the magnetic force lines are refracted and
wrap themselves around the magnetosphere surface in
a complicated manner**®), 1t is therefore difficult to
analyze the available experimental data quantitatively
on the basis of the formula of ¥, It is seen, however,
that the inequality (23) is quite sensitive to changes of
the orientation ¢ of the field H..

On the surface of the magnetosphere, there is satis-
fied a balance condition of the type

I,(I\’ x~ U2, (24)

from which follows an approximate expression for the
radius of the magnetosphere!!?’]

B (B

Atpel 2

(25)

When the dynamic pressure of the solar wind decreases
rapidly, R increases, and a negative magnetic pulse
si” is observed on the earth’s surface, behind which
the Pc2—4 sometimes vanish. It is shown in'*! that
the termination of the pulsations occurs only when R
after the si” exceeds a certain critical value. (The
method of estimating R from data obtained on the
earth’s surface will be described in the next chapter.)
Qualitatively, this result also agrees with the notions
concerning the stabilization of the boundary of the
magnetosphere by the interplanetary magnetic field.

In fact, by combining (23)—(25) we obtain the stabiliza-
tion condition in the form R = Ry, where

Mo~ (S () /(10 2) - ]}

The mechanism of exciting the trains of the Pi2
oscillations, which are typical of the nighttime hemis-
phere, has a different nature. It is customary to as-
sume that the Pi2 are reflections of the sporadic ac-
tivity of the geomagnetic tail. No theory of the pro-
cesses occurring in the tail has yet been developed, so
that only qualitative opinions can be expressed with
regards to the mechanism of Pi2 generation. Undoubt-
edly, an analysis of Pi (and of the closely related im-
pulsive Pil bursts) will afford in the future a better
understanding of certain aspects of these processes.

An opinion has been advanced that the tail of the
magnetosphere is in a metastable state!'*>'*], Under
the influence of the inhomogeneities of the solar wind,
part of the magnetic energy stored in the tail is re-
leased and is consumed in particle acceleration, exci-
tation of the natural oscillations of the magnetosphere,
etc. A major role in these processes is assigned to a
neutral layer that divides the tail into two halves with
oppositely directed force lines (Fig. 21). It is assumed
that as a result of the instability stimulated by the
change of the interplanetary conditions, a rejoining
(spill-through) of the force lines through the neutral
layer takes place, and the equilibrium of the tail is
disturbed.

Without stopping in detail on the general analysis of
these processes, which is a separate problem outside
the scope of the present review, let us discuss one
interesting feature of the pulsed Pil bursts, namely
their periodicity.
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Solar wind

FIG. 21. Schematic section of the magnetosphere in the plane of
the noontime meridian.

The repetition period 7 of the bursts is of the order
of magnitude of the travel time of a solitary pulse (or
a weak shock wave) from the neutral layer to the
lateral surface of the tail and back. Indeed,

_ a Y i6uN

~ "~

M ’

(26)

where a is the radius of the tail, H and N are the
unperturbed magnetic field and the concentration of the
plasma in the tail. The Mach number for the solitary
wave is 1 = M < 2,0'%] At the typical values a =20
earth radii, H~ 20, and N~1 cm™, we have

T &~ 5—10 min, which is in full agreement with the ob-
served repetition period of the bursts.

It is probable that the periodic bursts of pulsations
are a remote after effect of a shock collapse of the
magnetosphere tail™**’), During the spill-over of the
force lines through the neutral layer, a pair of shock
waves (or solitary pulses) is generated,; this pair
diverges towards the periphery of the tail. After re-
flection from the lateral surface of the tail, the waves
travel opposite to each other., The collision of the waves
near the neutral layer stimulates the first rejoining.
Regeneration of the shock waves leads to multiple re-
repetition of the effect.

IlI. DIAGNOSTICS OF THE MAGNETOSPHERE AND
OF THE INTERPLANETARY MEDIUM

Sounding a plasma with electromagnetic waves is
the classical method of measuring its parameters—
density, temperature, ion composition, etc. By now,
there is a well developed extensive arsenal of land-
based and satellite methods of electromagnetic sound-
ing of plasma in the outer-space vicinity of the earth.
It is convenient to subdivide the methods into high-
frequency and low-frequency (see Fig. 1). High-fre-
quency waves are used in ionospheric sounding of the
plasma concentration below the level of the maximum
of the F2 layer. In the high-frequency band one uses
powerful radars, which make it possible to investigate
the plasma parameters above the principal maximum,
by means of the method of inverse incoherent wave
scattering. High-frequency waves are also used to
measure plasma parameters by means of the Doppler
frequency shift of a radio transmitter mounted on a
satellite, by means of the Faraday rotation of the
polarization plane, etc.[**®]

Thus, in high-frequency sounding one uses artificial
electromagnetic fields, At the same time, undisputed
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practical interest attaches to methods which make use
of ‘‘gratis’’ electromagnetic radiation of natural origin,
such as, for example, the VLF radiation and geomag-
netic pulsations. The success attained in the use of
whistlers for the diagnostics of plasma concentration
in the magnetosphere is well known. Since 1953, the
dawn of outer-space research, when the first correct
estimate of the electron concentration at high altitudes
was made!'®®), whistlers and others VLF radiations
have won a permanent place in the arsenal of electro-
magnetic methods of sounding the magnetosphere. The
use of geomagnetic pulsations for diagnostic purposes
(‘‘hydromagnetic sounding’’) is a natural continuation
of this group of investigations“”. Methods of magneto-
sphere research using data of pulsations and VLF
radiation are similar to each other in many respects.
At the same time, observations of pulsations make it
possible, for example, to diagnose such an important
parameter as the position of the magnetosphere bound-
ary. There are no land-based methods whatever for
the determination of this parameter.

1. Concentration of Cold Plasma

1.1. Diagnostics of plasma concentration by using
the dispersion of pearls. It follows from the theory of
pearl propagation that the dispersion of the signals in-
creases the closer the carrier frequency is to the
gyrofrequency of the ions at the crest of the trajectory,
and the higher the plasma concentration. This circum-
stance makes it possible to use dispersion measure-
ments of pearls to estimate the plasma concentration
near the crests of force lines!">""3,

The fundamental formula in diagnostics theory is

T(w) f:% S Ny (0, 1) di, @27
)
which gives the frequency dependence of the signal
repetition period. It is usually assumed that the plasma
consists of electrons and ions of the same kind (pro-
tons), in which a transverse wave of left-hand polari-
zation propagates strictly along the external magnetic
field:
®op
In this case the group refractive index ngr =9wn/%w
is equal to

. mOp[(Qp_m/Z)l
5 G, e (29)

Here wop = V4neZN(i/mp, and N(I) is the distribution
of the plasma concentration along the force line. The
problem consists of finding the magnitude of the con-
centration at the crest of the force line, assuming the
function 7(w) to be known from experiment.

The main difficulty of the diagnostics consists in
the following. The spectrum of the pearl is quite
narrow, so that when the experimental function 7(w)
is expanded in a series one can be assured that only
the first two terms are reliable—the repetition period
7 at the carrier frequency, and the first derivative
d7/dw of the repetition period with respect to the fre-
quency. Therefore dispersion measurements make it
possible to determine not more than two unknown
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parameters. Yet the form of the function T(w) depends,
generally speaking, on the character of the plasma
distribution N(I ) along the entire trajectory. More-
over, owing to the existence of a hydromagnetic wave-
guide, the signal can traverse a tremendous path along
the earth’s surface before it is registered. Therefore
the position of the point of observation gives practically
no information concerning the coordinates of the signal
trajectory in the magnetosphere. The trajectory
parameter L, contained in expressions (27)—(29),
should be obtained from dispersion measurements.

In spite of all this, diagnostics is possible because
of a fortunate combination of circumstances: the de-
rivative (w/7)d7/dw is a ‘‘universal’’ function of the
ratio w/Qq in the sense that its form depends little on
the latitude of the intersection of the trajectory with
the earth’s surface, or on the character of the positive
distribution along the trajectory*. This can be verified
by calculating the group delay time 7(w) for a broad
class of magnetosphere models!"®], Physically this
means, on the other hand, that the main contribution to
the dispersion is made by the near-equatorial section
of the trajectory, on which the difference (Qp - w) is
minimal. It is perfectly understandable that in this
respect 7/7, is also a ‘‘universal’’ function of the
same argument (7,—repetition period of a packet of
Alfven waves (w —0)).

The universal dispersion curves are shown in Fig.
22, 1. Analyzing the sonogram of the pearls, we first
obtain (w/7)dr/dw. The plot is used to determine Qp,
and consequently also the coordinate L of the trajec-
tory. Knowing L, w/Qp, and 7 we can estimate the
plasma concentration N at the crest of the trajectory.
The results of such measurements are shown in Fig.
23[73,76}.

When speaking of pearl propagation, we have noted
that the presence of helium ions in the magnetosphere
apparently causes the signal trajectory to become
combined. If this hypothesis is true, then the diagnos-
tics procedure described above requires a certain
correction!”), Figure 22, 2 shows the universal dis-
persion functions plotted with allowance for the fact
that the gearls propagate along combined trajectories.
When w < 0.5Qp, plots 1 and 2 differ little from each
other, but at higher values of the ratio w/Qp the co-
ordinates L obtained with the aid of curves 1 are
somewhat overestimated, and the concentration N is
underestimated.

1.2. Diagnostics of plasma concentration using the
spectrum of the torsional oscillations. The spectrum
of the natural oscillations of the magnetosphere depends
on the spatial distributions of the plasma and of the
magnetic field. Since the structure of the geomagnetic
field is known relatively well data obtained by observ-
ing the spectrum of the natural frequencies can be
used to estimate the plasma concentration at large
altitudes. Highly interesting from this point of view
are the torsional oscillations. Different sections of
their spectrum are formed in different regions of the
magnetosphere. This makes it possible, in principle,
to reconstruct from the known spectrum not only the

*Here and henceforth Qp is the proton gyrofrequency at the crest
of the force line.
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FIG. 22. “Universal” dispersion functions.
FIG. 23. Profiles of plasma concentration in the plane of the geo-
magnetic equator.

integral parameters of the plasma distribution, but
also the local parameters [ 14071431

The starting point in the analysis is Eq. (13) for the
torsional oscillations of the magnetosphere. Let the
equation of the force line have the form ¢ = 4(r, ro),
where r, is the distance from the earth’s centers to
the crest of the line. By making the change of variables
¢ =hgprsing, F, = (r sin #)F, Fy = (r sin 8)2F,
F =H[1 + (r d¢/dr)*]™2, Eq. (13) is transformed into
the more convenient form!***

B d (’) LA

4uodr T dr

(30)

The boundary condition takes the form

ap
A I (31)

e

The coefficients F; and F, are expressed in terms of
the magnetic field, which can be regarded as potential
inside the magnetosphere. Retaining the two principal
terms in the Gaussian distribution, we get!*

i, {2, (’T)S 1/,}7 cos 9,
H, {H0 (%)‘ 3 1[,} sin 0.

The diagnostics consists of solving the inverse
Sturm-Liouville problem for the torsional oscillations
of the magnetosphere, namely it is required to deter-
mine p from the known spectrum of the natural oscil-
lations. In view of the peculiar character of the prob-
lem, it is impossible to employ rigorous solutions of
Edq. (30), which can be constructed for several concrete
forms of p(r). Therefore the use of approximate
methods is practically unavoidable in any attempt at
analytically solving the problem. For example, in the
WKB approximation, the eigenvalues of Eq. (30) subject
to the boundary condition (31) are determined by the
relation

(32)

ro I 3 1,7

« p3 ryHs o

\r_VL;@_ﬂ”,,m (ryro)) - TR
Voro—r 2ry Tos (ry)

(33)
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in which s =1, 2,...is the number of the harmonic,
and &(r, ry) is a small correction that takes into ac-
count the fact that the magnetic field is not of the dipole
type.

We are interested in the question of reconstructing
the form of the function p(r) from the function wg(r,),
which is assumed known from experiment. From the
mathematical point of view the problem reduces to
solving the integral equation (33), in which p(r) is re-
garded as an unknown function. Expression (33) is an
integral equation of the Abel type, and it can be easily
solved by successive apProx1mat1ons In the first ap-
proximation we have!'*

r
o (5 T3 ()18 (3 v
43 V“m /2 2 Tm o) d'o 2ro ) Yrg(r—rg) "

Ty (34)

URNCE

Here

[ 7uire | * = | 2HH, | » 1, Ty = 2n/o,.

To calculate the concentration N at a distance r
from the earth’s center, it is necessary to know the
form of the function T(r,) in the interval from re to
r. Yet the latitudinal dependence of the period of the
pulsations, which presumably are torsional oscillations
is given by T(ro) only in the interval ro ~ (3.5—8)re.
However, at altitudes up to ~5000 km, the distribution
of the plasma concentration is in itself well known from
satellite and radar measurements!!*®!, The T(r,) spec-
trum in the interval r,~ (1—2)re can therefore be
calculated theoretically, and interpolation is possible
in the interval ro~ (2—3.5)re it is possible to inter-
polate it.

The described diagnostic method makes it possible
to obtain the equatorial profile of the concentration
N(r) without any a priori assumptions concerning its
form. This was accomplished at the expense of a num-
ber of simplifications, the strongest of which is the
use of the WKB solutions of Eq. (30). It can be shown,
by using the fact that the eigenfunctions are extremal,
that the calculation based on formula (34) yields the
upper bound of the plasma concentration in the mag-
netosphere °), I principle, the accuracy of the resulis
is monitored by the degree to which the observed
spectrum Tg(r, = const) is not equidistant. We note
that non-equidistance of the spectrum (if we succeed
in measuring it) will in itself serve as additional in-
formation for the refinement of the parameters of the
distribution N(r).

Of course, the inverse problem can be solved also
by numerical methods. One usually seeks a solution of
the corresponding direct problem at a specified hypoth-
esis concerning the structure of the medium. A suit-
able approximation of the geomagnetic field is chosen,
the distribution of the plasma concentration is de-
scribed by means of a certain set of trial functions,
and the spectrum of the torsional oscillations is calcu-
lated. Further, the parameters of the model are
chosen in such a way that the theoretical and experi-
mental spectra are as close as possible to each other.
In{**) the vertical profile of the plasma density was
sought in the class of functions of the type p(r)
= aefB/r, where a and 8 are parameters to be deter-
mined, but the oscillation spectrum was calculated in
the WKB approximation. A numerical solution of (30)

2

for diagnostic purposes was undertaken in{!*%143],

Some preliminary results of the determination of
the plasma concentration in the magnetosphere are
shown in Fig. 23. The vertical profiles in the plane of
the geomagnetic equator were constructed by various
methods on the basis of various data pertaining to dif-
ferent levels of the magnetic disturbances. This ap-
parently explains the large scatter in the values of the
concentration. Incidentally, the results obtained, for
example, with the aid of satellites (curves[®%%1%%] oy
Fig. 23) are subject to no less a scatter.

A method of estimating the plasma concentration in
the geomagnetic tail from data on the repetition period
of impulsive oscillation bursts is indicated in™*! (Fig.
5). To this end, it is necessary to eliminate the un-
certainties of a and H from formula (26). The mag-
netic field is transferred to the tail from the polar
caps and can be estimated from the latitude of the
southern boundary of the aurora zone!**), The radius
of the tail is connected in some manner with the posi-
tion of the subsolar point of the magnetosphere bound-
ary, which is determined from the period of
Pc2—4!%), There still remains the uncertainty in the
coupling coefficients, and one can speak only of the
order of magnitude of the measured quantity. It is
probable that the method will make it possible to study
the time variation of the plasma concentration in the
tail,

2. High-energy Particles

2.1. Energy of resonant protons. Let us estimate
the energies of the protons responsible for the excita-
tion of the pearls. The method with which it is possi-
ble to connect the observed spectrum of the growing
waves with the longitudinal energy of the resonant par-
ticles is based on an analysis of relation (17). Assum-
ing that the pearls are excited as a result of cyclotron
instability, we choose the lower sign in (18) and put
s =+l;

2
&= (2) (1-2)". (35,
Here &p =mpu®/2, and &m = A%/8 N is the density of
the magnetic energy per particle of the cold plasma in
the generation region. To estimate & it is necessary
to know w/Qp at the crest of the trajectory or, which
is practically the same, the trajectory parameter L.
Dispersion measurements give a value w/ Qp ~ 0.5. At
a frequency f ~ 1 Hz, the typical parameter of the tra-
jectory will be L ~ 6, &y ~ 4 keV, and consequently
&p~ 2 keV.

In view of the importance of this entire problem, we
call attention to another possibility of estimating L and
€p, which arises in certain special cases'>'"], If the
magnetosphere is suddenly compressed, the radiation
spectrum should change. In fact, upon compression of
the magnetosphere, the gyrofrequency increases both
as a result of the strengthening of the geomagnetic
field and as a result of the radial drift of the radiator
to the interior of the magnetosphere, Further, a change
takes place in the longitudinal velocity of the radiators
(betatron acceleration, change of the pitch angles).
Finally, changes take place in the surrounding-plasma
parameters on which the magnitude of the wave vector
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depends. It turns out that the resultant change Aw of
the radiation frequency at a specified value of the
magnetosphere deformation is a function of only one
variable, the ratio w/Qp. The deformation of the mag-
netosphere is determined from the magnitude of the
sudden geomagnetic-field pulse AH registered by an
equatorial observatory.

By measuring w, Aw, and AH, we get L by means
of the formulal*%147]
Aw 102 \1/3

)

L ~5.7 (#

© AH, (36 )

Typical values of Aw/w =~ 0.2 and AH = 20 y yield an
estimate L~ 5.7 and #p~ 3 keV. This method was
used in!"® to analyze 14 series of pearls, during the
time of which sudden si pulses and sudden starts of
magnetic storms ssc were observed. The distribution
of the pearls over the L-shells is shown in Fig, 24.
The scatter of the obtained values of the energy is quite
large: €p~ 0.5—15 keV. For comparison, in the upper
part of Fig. 24 are shown the profiles of the flux of
protons of different energies as obtained by the satel-
lite <“00G-37’14%1,

2.2, Distribution function of high-energy protons. K
it is recognized that an exceedingly broad class of dis-
tribution functions f(v) can be realized in a collision-
less plasma, then the problem of reconstructing f(v)
in a magnetosphere from land-based data is quite hope-
less. However, if the distribution of the particles is
unstable against buildup of hydromagnetic waves and
the general form of f(v) is known approximately from
some indirect considerations, then we can attempt to
refine the distribution parameters by using data on
pulsations excited as a result of the instability.

In order to present more clearly the idea of the
corresponding methods, it will be useful to digress
somewhat and consider the problem of diagnostics as
a whole. The general scheme of magnetic sounding
consists in the following. One determines first the
connection between the complex refractive index n and
the local parameters of the medium. A connection is
then sought between the observable parameters of the
electromagnetic field and the distribution of n along

the paths of wave propagation. Finally, an attempt is
made to construct the spatial distribution of the inves-
tigated parameter of the medium from the observa-
tional data on the electromagnetic field. The last stage
reduces in the general case to a solution of a certain
integral equation.

The possibility of formulating the diagnostics prob-
lem as a problem involving the solution of an integral
equation does not mean, of course, that this must al-
ways be done. Owing to the incompleteness and the in-
accuracy of the experimental data, a rigorous solution
of the inverse problem is in many cases practically
unrealizable, so that it becomes necessary to confine
oneself only to estimates of the parameters, by start-
ing from simple heuristic considerations. It is pre-
cisely such a simplified variant that was used in the
estimate of the concentration of the plasma from the
dispersion of the pearls and in the estimate of the en-
ergy of the resonant particles from the spectrum of the
observed radiations. In the former case, a study was
made of the real part Re n(w) of the refractive index,
which is determined by the parameters of the cold
plasma under the assumption that the attenuation
(buildup) of the waves is weak. To the contrary, in the
latter case one investigates implicitly the imaginary
part Im n(w) of the refractive index, which depends on
the distribution function of a small admixture of high-
energy particles. In this case one uses essentially
only the fact that the excitation of the pearls is due to
the instability that develops in the frequency region
where Im n(w) < 0, The next step is a more detailed
investigation of the function Im n(w) from observation
data on growing waves.

From the growth rate of the pearl amplitude at one
of the conjugate points, one can attempt to estimate the
gain after two passes of the signals through the mag-
netosphere: A* =20 log[ h(t + 7)/h(t)]. The initial data
obtained in this manner must be compared with the
theoretical values of the gain, calculated under various
assumptions concerning the parameters of the distribu-
tion function of the high-energy protons*.

The realization of such a program is a complicated
and subtle problem, which requires further experi-
mental research for its final solution. A preliminary
analysis of the coefficients A* of isolated series of
pearls is contained in!***). The maximum gain A% at
the start of the series and the attenuation coefficient
A% at the end of each series of pearls was estimated
from the envelope of the signal amplitude (Fig. 25).

By way of an illustration, let us estimate IA from
formula (22), using the data of Fig. 25. A¥ should be
of the order of A, and A% ~ -20 log (1/P). Recogniz-
ing that AY - A¥ ~ 10 dB, we get IA ~ 4 x 10" cm™
sec and 1A ~ 4x 10° cm™@ sec™ at L ~ 4 and ~7,
respectively.

2.3. Nonstationary processes in a geomagnetic trap.

*In cases of practical interest, the distribution function f(v) is char-
acterized by three parameters: the particle concentration, the slope of
the energy spectrum, and the degree of anisotropy of the distribution
with respect to the pitch angles . The gain in the frequency region
w < Qp was obtained in [**] for a function in the form f = const.

v'? sin 2uc. A series of plots of A(w), which is convenient for the com-
parison at different values of v and g, is contained in [!'3].
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FIG. 25. Distribution of the gain and attenuation coefficients of
pearls.
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tric field on the periphery of the night time magneto-
sphere!1*® 1511,

3. Boundary of the Magnetosphere

3.1. Daytime boundary of the magnetosphere. It is
shown inl[1352] that the Pc2-4 pulsations are an effec-
tive indicator that makes it possible to trace continu-
ously the position of the daytime boundary of the mag-
netosphere. The idea of the method consists in the
fact that, since Pc2-4 are natural oscillations their
period T should depend on the dimensions R of the

Table II
p\]i)lzgigtr:s Data on the radiation beit
: Outer boundary -1
Data Strt | End l*;::::l o f Lolt Flux (&¢ 2100 keV), sec
g
UT quency,

Hz | Start | End ‘ or Start ‘ End 1 o
31.01 1964 11.5412.351 0.80 | 6.0 | 5.0 1.0 | 3.5-102 2-102 1.102
12.02 1964 13 59(14.45| 0.80 | 6.5 | 5.3 1.2 5-102 4.102 1.102
20.02 1964 15.52|16.26| 0.80 | 6.0 | 5.0 1.0 7-102 | 5-102 2.402
20,02 1964 17.48(19.22| 1.55 | 6.0 | 4,65 | 1.5 7-102 2.102 5102
17.07 1964 17,13(18.23{ 1.55 [ 6.5 [ 5 1.5 6-102 ) 2-102 1-102

During the time of magnetic storm, a complicated
picture of electrodynamic and kinetic phenomena de-
velops in the space near the earth in a definite sequence
Some of them are accompanied by low-frequency radi-
ation, which can be likened to the whistling and howling
of winds during the time of storms in the atmosphere.

Let us discuss the information that can be extracted
concerning the dynamics of the magnetosphere from
observations of pulsations of increasing frequency,
which arise during the most active phase of the storm
(see Fig 6). The very fact that the frequency increases
is a reflection of the nonstationary character of the
geomagnetic trap. This point of view is confirmed by a
large number of comparisons of the spectra of the
pulsations with changes of the radiation-belt parame-
ters. An interesting connection has been observed be-
tween the displacement of the outer boundary of the
belt and the limiting frequency of the pulsations (see
Fig. 7 and Table IIl>'),

Let us assume that the growth of the pulsation fre-
quency is a result of transfer of resonant particles
across the L shells under the influence of a large-
scale electric field®. If we assume the cyclotron
mechanism of pulsation excitation, then we can obtain
an estimating formula which relates the field com-
ponent Eg (western direction) with the rate of fre-
quency growth[*®2);

ro QY 178
Box g ()

Here Qg” =3 x 10® rad/sec. The average frequency is

~6 rad/sec and the frequency drift is & ~ 5x 107
rad/sec? hence Ep ~ 107 V/em. This figure agrees
in order of magnitude with other estimates of the elec-

(87

*The existence and structure of electric fields in the magnetosphere
are discussed, for example, in [!3%:148= 15!] Direct measurements of the
electric field in remote regions of the magnetosphere entail considerable
difficulties which will take a considerable amount of time to overcome.

resonator. By R one can apparently mean the distance
from the center of the earth to the subsolar point of
the boundary of the magnetosphere. The great com-
plexity of the resonant systems makes it difficult to
analyze theoretically the connection between T and R.
In this case, therefore, the empirical approach to the
problem is fully justified.

The dependence of T on R, obtained by comparing
Pc2-4 observations with satellite data concerning the
position of the subsolar boundary of the magnetosphere,
can be represented in the form!®?

7T, (1%)

where T, = 30 sec, Ry~ 10 earth’s radii, and v = 4.5
(Fig. 26). Since the Pc2—4 pulsations are observed on
the illuminated side of the earth practically continu-
ously, formula (38) makes it possible to determine the
position of the boundary at practically any instant of
time,

The importance of this diagnostics method cannot be
overestimated. The point is that the position of the
boundary can change in a predictable manner during
the period between two successive loops of a satellite

(38)

7 sec
243

| ” I
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e

-

FIG. 26. Dependence of the period of Pc2
— 4 on the position of the boundary of the
magnetosphere.
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that crosses the surface of the geomagnetic cavity,
i.e., the direct measurements have a low resolution in
time. On the other hand, measurements based on
pulsation data, although less accurate, make it possi-
ble to trace the position of the boundary continuously.
The possibility of monitoring the position of the
boundary of the magnetosphere is of importance also
for the investigation of the pulsations themselves. For
example the Pc2—4 pulsations vanish sometimes after
sudden negative si” pulses. Understandably, formula
(38) cannot be used in such cases to estimate R’ after
si". We take into account, however the fact that the
magnitude of the sudden pulse on the equator is equal

to[lss]
AH* R’ \3
M = 7o [(H‘) - 1] ’
where R is the position of the boundary prior to si,
and AH* =~ 37 y. Combining (38) with (39), we obtain'*5*]
R = 10[(%“)3” LA ]*”3, (40)

e

(39)

where T is the period of the pulsations prior to si .
An analysis of the dependence of the probability of
vanishing of the pulsations on R’ has made it possible
to understand the nature of this effect!**},

3.2. Dimensions of the nighttime closed cavity. The
magnetosphere is strongly asymmetrical with respect
to the plane of the morning and evening meridians. The
external force lines are blown by the solar wind into
a long tail, and remain open up to distances at least
several dozen earth’s radii. The axis of the tail,
naturally, does not take part in the daily rotation of
earth. On the other hand, the internal closed force
lines rotate together with the earth (see Fig. 21).

The asymmetry of the magnetosphere becomes
manifest not only in the characteristic form of its
outer surface, but also in the asymmetry of the form
of the separation boundary between the closed and open
lines. Thus, whereas in the noontime sector the
separation boundary crosses the earth’s surface at the
latitude ¢ggy ~ 78°, in the midnight sector the latitude
of the intersection lies closer to the equator, ¢night
~ 67°. In other words, the closed force lines extend to
smaller distances on the night side than on the day
side.

The question of the position and displacements of
the boundary of the closed force lines is of fundamental
significance in the theory of the radiation belts and in
the general theory of magnetospheric dynamics. On
the day side, the boundary of the closed lines prac-
tically coincide with the boundary of the magnetosphere
R, for which land-based diagnostic methods were de-
scribed in the preceding section. Although the position
of the boundary of the closed lines of the night side
¢ night is indeed connected in a definite manner with R,
this connection is of the correlation type, so that to
assess the changes of @njght it is desirable to have an
independent source of information.

An effective tool for investigating the nighttime
magnetosphere is provided by the auroras; the instan-
taneous picture of the auroras is an oval whose outline
of which is close to the line of intersection of the earth
with the boundary surface that separates the closed
magnetosphere lines from the force lines of the

tail(®>"*%], However, meaningful investigations of the
auroras call for the organization of an extensive net-
work of observatories equipped with relatively compli-
cated apparatus, and the reduction of the primary ob-
servation material is a rather laborious process, At
the same time, many general properties of the dynamic
displacements of the nighttime boundary of the mag-
netosphere can be investigated by using geomagnetic-
pulsation data.

The nighttime hemisphere is characterized by
trains of Pi2 oscillations occurring most frequency in
the near-midnight hours. It is probable that the period
of the trains is determined by the dimensions of the
closed cavity of the magnetosphere. A detailed investi-
gation of this connection has only been started recently,
in view of the great variety and complexity of the
processes that occur in the night time magnetosphere.
A statistical analysis shows that the period of Pi2 de-
creases with increasing magnetic disturbance!*® 511,
For the development of diagnostic methods, however,
further research is necessary with emphasis on indi-
vidual comparisons of the positions of the oval zone of
the auroras or of the outer boundary of the radiation
belt with the spectrum of the oscillation trains.

4. Parameters of the Solar Wind

4.1. Wind velocity and structure of interplanetary
fields. Almost the entire set of physical processes in
a magnetosphere is governed by variations of the inter-
planetary conditions in the immediate vicinity of the
earth. It can be stated that the earth and its magneto-
sphere are a giant space probe, sensitively responding
to changes of the parameters of the outer medium.
From the point of view of the specialist engaged in the
diagnostics of cosmic plasma from data obtained by
land-based observations, an investigation of the mag-
netosphere itself is equivalent to the study of the
properties of this colossal instrument. Much is still
to be done in this direction, but the progress already
made allows us to formulate the main problems and to
report some preliminary results.

First, the pulsation data concerning the position and
displacement of the boundary of the magnetosphere
contain indirect information about the dynamic pres-
sure (~NU?) of the solar wind. If it is recognized that
the concentration of the interplanetary plasma N and
the rate of its radial expansion U are somehow inter~
connected, then it becomes obvious that U can be esti-~
mated from data on the period of the Pc2~4 pulsations.
Indeed, measurements have shown that the coefficient
of the correlation between T and U is quite large
(r =0.733 £ 0.166), and the relation between these
quantities can be represented in the form!*®!

U (km/sec) = (830 + 15) — (9.5 4= 0.81) T (Sec). (41)

The results of the comparison of the periods Pc2-4
with the velocity of the solar wind is given in Fig, 27,
The dashed curve is a plot of (41), This figure is use-
ful for estimating the wind velocity in time intervals
when there are no direct measurements for some rea-
son or another,

The fading of the Pc2-4 amplitude is due to changes
of the orientation of the interplanetary magnetic field!®

o
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FIG. 27. Dependence of the period of P¢2 — 4 on the solar-wind
velocity. The wind velocity is taken from the data of the rocket

““Mariner-2.” The pulsations are from the data of the Borok Observatory.
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FIG. 28. Duration distribution of the fading (left scale) and oscilla-
tions of Pc2 — 4 (right scale). The plot contains information concerning
the distribution of the inhomogeneities of the interplanetary field.

(see Fig. 11). This fact enables us to speak of the pos-
sibility of tentatively estimating the inhomogeneities of
the interplanetary field from land-based pulsation ob-
servations,

The structure of the magnetic field in interplanetary
space is quite complicated. It includes a set of inhomo-
geneities of various scales and various characters.
The smooth projection of the force lines on the ecliptic
plane has the form of spirals, the angle of inclination
of which to the radius vector from the sun on the
earth’s orbit is ¥ ~ 50°[°%), Since the fading of the
Pc2—4 amplitude occurs when the radial component of
the interplanetary field vanishes, data on the fading
make it possible to evaluate the distribution of the
angles of rotation of the force lines at Ay ~ 40°. Fig-
ure 28 shows the duration distribution of the fading and
oscillations of Pc2—4. On the average, the fading
duration is t; ~ 6 x 10% sec, and that of the oscillations
is tz~ 1.8 x 10” sec, I it is assumed that the inhomo-
geneities are transported past the earth with the
velocity of the solar wind, then the corresponding
scales are equalto I, ~ 3x 10*° cm and I, ~ 9
% 10*° cm. The ratio I/1, is of the order of 3.

One can advance the hypothesis that the inhomo-
geneities recorded in this manner are precisely those
which determine the character of the angular distribu-
tion of the solar cosmic rays during the first aniso-
tropic stage of their appearance!'”), This hypothesis
is checked in the following manner. On the one hand,
the inhomogeneities are analyzed from the data on the

direction of arrival of cosmic rays of various energies
following a concrete flare on the sun, On the other
hand, the dimensions of the inhomogeneities are esti-
mated from the modulation of Pc2-4 during the time
interval preceding the flare. For example, during the
flare of 28 September 1961, the ratios I,/1, were
~2.5 (cosmic rays) and ~2.25 (pulsations), i.e., a
distinct correspondence does exist.

4.2. Concerning new indices of geomagnetic activity.
The search for quantitative measures—activity indices—
characterizing the disturbance of the magnetosphere
has been going on for a long time (several decades).
The indices u, A, Q, C, Kp, and others, based on
standard records of magnetic observatories, are well
known!'*®], These indices characterize the variation of
the components of the geomagnetic field within a chosen
averaging interval (one hour, three hours, one day, one
month, one year, etc.).

The need for convenient measures of the geomagnetic
activity arises in the solution of a large number of
problems. On the basis of the correlation between the
solar and geomagnetic activity, methods are being de-
veloped for forecasting magnetic and ionospheric dis~
turbances that interfere with radio communication and
magnetic navigation. An analysis of 27-day, seasonal,
11-year, and secular variations of the activity contri-
butes to a better understanding of the physical nature
of the sun-earth communication, etc.

The progress in hydromagnetic diagnostics of the
magnetosphere gives grounds for introducing a series
of new activity indices!!®), We mention here the indices
%, %, ¥, and €, which are constructed in accordance
with data on the pulsations Pc2-4, Pi2, Pcl, and Pil
respectively. In conjunction with the classical indices,
they make it possible to describe quite completely the
state of the magnetosphere and of the interplanetary
medium.

The index % is made up by averaging the periods of
the daytime pulsations Pc2-~Pc4 over three hours, and
has a distinct physical meaning. It is equal to the de-
viation of the position of the subsolar boundary of the
magnetosphere from the mean value: % =Ray ~ R.
Under certain assumptions, the % index can be related
to the velocity of the solar wind (Table III).

The & index is equal to the number of trains of Pi2
oscillations in a three-hour interval. It characterizes
the activity of the nighttime magnetosphere, which in
turn depends on the general hydromagnetic setup in the
cosmic vicinity of the earth.

The % index is equal to the logarithm of the dura-
tion of the Pcl series, multiplied by the mean-squared
oscillation amplitude. This quantity is proportional to
the logarithm of the energy of the hydromagnetic waves
in the Pcl band.

The 2 index, which is equal to const - w™/*(dw/dt),
is made up from data on the growing-amplitude pulsa-
tions and is an individual characteristic of each mag-
netic storm.

Table III

R -2 | — 0 +1] +2

¥, kmfsec 250 | 300 | 450 | 600 { SO0
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FIG. 29. Diagnostic diagram.
The concentration of the plasma
in the tail of the magnetosphere
can be estimated from data on
the repetition period of the pulses
7 (in minutes) if the Q and & in-

-1 dices are known.

- index

To construct the indices, use is made of continuous
recordings obtained at the observatories in Borok
(Yaroslavl’ oblast’), Petropavlovsk (Kamchatka), and
Soroa (Cuba). As the earth rotates, the observatories
enter in sequence in their ‘‘working interval’’ of local
time. This makes it possible to eliminate the depend-
ence of the periods and of the amplitudes of the oscil-
lations on the local time.

Figure 29 shows a concrete example of the use of
indices for the diagnostics of the plasma concentration
in the tail (see Ch, III, Sec. 1.2). The abscissas repre-
sent the Q-index, which depends on the position of the
oval zone of the auroras**®], The plot makes it possi-
ble to estimate N from data on the repetition periods
of the Pil flashes when the @ and ¥ indices are
known'**"J,

IV. CONCLUSION

Historically it has turned out so that geomagnetic
pulsations were the first electromagnetic waves re-
corded by man, It is surprising that their high infor-
mation content was recognized only very recently.

This is to be regretted, but is it meaningful to use
pulsations for the diagnostics of the magnetosphere in
our days, when dozens of satellites bearing scientific
instruments travel around the earth?

This question should definitely be answered in the
affirmative. Hardly anyone proposes seriously that the
significance of land-based observation service can be
decreased to some degree by installing magnetometers
on satellites for the purpose of investigating the regu-
lar magnetic field, or by placing astronomic instru-
ments outside the dense atmosphere. Satellite and
land-based research methods are not competitive, but
rather complement each other. In this light, it is quite
obvious that pulsations and other low-frequency radia-
tions are an important auxiliary research tool. The
pessibility of continuous and prolonged observations of
the state of the magnetosphere with the aid of relatively
simple apparatus is an undisputable practical advantage
of low-frequency diagnostic methods.

As in any field that survives the establishment
period, unexpected prospects can arise at any instant
of time, whereas other possibilities, which seem highly
promising at the present time, may subsequently turn
out to be illusory. In one way or another, although in-

dividual properties of geomagnetic pulsations still re-
main puzzling, and the theory of land-based diagnostics
of the magnetosphere is making only its first steps,
the progress already made makes it possible to state
with assurance that observation of pulsations will un-
cover new ways of further investigations of the mag-
netosphere.

The developments of this field will depend on the
progress made in solving a large number of funda~
mental theoretical and experimental problems. In
particular, further calculations of the spectrum of the
natural oscillations of realistic models of the magneto-
sphere, of the critical frequency, of the phase velocity
and damping of hydromagnetic waves in the iono-
spheric waveguide, of the coefficient of penetration of
the waves to the earth’s surface through the ionosphere,
etc., are highly desirable, The experimental facts and
theoretical estimates indicate that the mechanisms of
pulsation excitation cannot be fully understood within
the framework of the linear theory. In other words, it
becomes necessary to solve complicated nonlinear
problems in the interpretation of the pulsations.

Many important properties of the pulsations can be
clarified by comprehensive and correlated research in
a global network of land-based observatories, and by
observations of the hydromagnetic waves directly in
outer space. The development of diagnostic methods
will apparently be connected with extensive utilization
of computer technology both for the interpretation of
the pulsations and for the solution of the corresponding
inverse problems. This in turn requires the use of
pulsation registration methods that permit the insertion
of the records directly into the computers.,

The investigation of geomagnetic pulsations is con-
tinuing, and there are grounds for assuming that their
observation will become not only convenient but also
a quantitative method of measuring the parameters of
the outer space next to the earth.
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