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Abstract. The Pc1 ultralow-frequency electromag-

netic waves (frequency range 0.2–5 Hz), also known as 

pearl necklace, are a unique phenomenon in near-Earth 

space physics. Many properties of pearls remain a mys-

tery, despite the research of prominent cosmophysicists 

for more than half a century. In the proposed review, we 

briefly outline the main points of the so-called standard 

model, which is widely used to interpret Pc1. Next, we 

focus on the criticism of the standard model and on the 

identification of open problems in the Pc1 theory. The 

general conclusion is that it is necessary to develop new 

ideas outside the framework of the standard model in 

order to understand the processes of excitation and 

propagation of Pc1 waves in Earth’s magnetosphere. 

Keywords: ultralow-frequency electromagnetic waves, 

radiation belt, ion-cyclotron resonator, self-excitation 

mode. 

 

 

 

 

 

 

 

INTRODUCTION 

Our review focuses on the so-called pearl necklace — 
one of the most mysterious wave phenomena in near-Earth 
space. Pearl waves were discovered by E. Sucksdorff and 
L. Harang at Sodankylä and Tromso observatories in the 
mid-1930s (see [Kangas et al., 1998; Raita, Kultima, 
2007]). In the systematics of ultralow-frequency (ULF) 
electromagnetic waves of natural origin, pearl waves are 
classified as Pc1 (0.2–5 Hz frequency range) [Troitskaya, 
1964]. The general concept of the origin of Pc1 is that 
these oscillations are generated in the outer radiation belt 
and propagate to Earth's surface along geomagnetic field 
lines [Troitskaya, Guglielmi, 1967]. 

The Figure provides insight into the dynamic oscilla-

tion spectrum. The event shown in the Figure occurred 

before local midnight. The signal was recorded at low 

geomagnetic activity (Kp=1+) from the output of the 

induction magnetometer LEMI-30 installed in the high-

latitude complex magnetic-ionospheric station Norilsk 

(geomagnetic coordinates Ф=65.3°, Λ=162.9°). The 

series of oscillations consists of a quasi-periodic se-

quence of structural elements. For brevity, they are 

sometimes referred to as risings. In this case, the aver-

age period of repetition of risings is ~160 sec. The dura-

tion of the series is about an hour; its carrier frequency 

almost does not change over time, rising only slightly 

from 0.50 Hz at the beginning of the series to 0.56 Hz 

by its end. 

 

Dynamic spectrum of Pc1 ULF waves 

The amazing properties of amplitude-frequency 
modulation of oscillations, which give a unique origi-
nality to the pearl necklace, have attracted the attention 
of space physicists since the mid-1960s [Yanagihara, 
1963; Cornwall, 1965; Tepley, 1965; Troitskaya, Gug-
lielmi, 1967]. Calculations and purposeful observations 
facilitated the development of the standard model of Pc1 
wave excitation and propagation, which became widely 
known (see, e.g., [Guglielmi, Troitskaya, 1973; Gug-
lielmi, 1979; Nishida, 1980; Guglielmi, Pokhotelov, 
1996]). In the first two sections of this paper, we briefly 
describe the fundamental principles of the standard model. 

Over the years, however, internal contradictions of 
the standard Pc1 model and its incompatibility with the 
experiment became apparent. Finally, by the beginning 
of this millennium, a question was thrown into sharp 
relief about the need for a radical revision of the stand-
ard model [Guglielmi et al., 2000]. In the third section, 
we describe this dramatic situation. It has attracted the 
attention of many researchers. The problems associated 
with explaining the Pc1 origin are discussed, for exam-
ple, in a special issue of a well-known international 
journal [Kangas et al., 2007], in which different hypoth-
eses about the origin of pearls are compared and criti-
cally analyzed [Demekhov, 2007], ground and satellite 
Pc1 observations are compared [Mursula, 2007], the 
interaction of Pc1 waves with oscillations of other types  
[Zolotukhina, Cao, 2007; Kurazhkovskaya et al., 2007] 
and precipitating charged particles [Yahnin, Yahnina, 
2007] is examined. The interest in the mysteries of 
pearls has not waned with time. In recent years, particu-
lar attention has been paid to satellite observations 
[Paulson et al., 2014; 2017] and their theoretical inter-
pretation [Klimushkin et al., 2010; Mikhailova, 2014; 
Nekrasov, Feygin, 2018]. 

In the fourth section, we discuss the problem of 

pearls in terms of the phenomenological theory of criti-

cal phenomena. Our general conclusion is that it is nec-

essary to develop new concepts beyond the standard 
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model in order to understand the mysterious properties 

of excitation and propagation of Pc1 waves in Earth’s 

magnetosphere. 

 

1. WAVE PACKET 

The standard Pc1 model is based on the fundamental 

concept of wave packet propagating in a dispersive 

nonequilibrium medium. The wave packet ψ(x, t) occu-

pies a limited volume of space at any given time. By ψ 

we mean any of nonzero components of the alternating 

electromagnetic field. 

To avoid complexity, we examine the wave packet 

propagating in the direction of the x-axis in a homoge-

neous infinite, initially conservative medium. For clari-

ty, we can imagine that transverse electromagnetic 

waves of circular polarization travel along lines of a 

homogeneous external magnetic field in cold hydrogen 

plasma. Expand ψ(x, t) in normal plane waves and 

choose the initial form of the wave packet as Gaussian 

with rapidly oscillating filling: 

   
0

2

0 0ψ , 0 φ exp / .x x x ik x       

Here x is the marching variable; x0 is the width of the 

packet. Find the corresponding spectral density 
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where 
0 0 0

ψ φ / 2 π.x  (We have used the tabulated 

integral value [Gradshtein, Ryzhik, 1962]). The mean-

ing of the transition to the spectral representation is that 

when t>0 the evolution of waves in the k space is trivial, 

i.e. each spectral component simply oscillates 

     ψ ψ 0 exp ω ,k kt i k t     with ω(k) determined by 

solving the dispersion equation (for the dispersion equa-

tion for plane waves in a cold magnetoactive plasma see 

the monograph [Ginsburg, 1967]).  

Now expand ω(k) in a series in the vicinity of k0, using 

only the first three terms; make the inverse Fourier trans-

form, and determine the law of wave packet evolution: 
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Here  0 0ω ω ,k   
2

0α / 4,x   β / / 2gdv dk  for 

k =k0. We can see that the wave packet propagates as a 

whole with the group velocity ω /gv d dk  and spreads 

due to dispersion. The fundamental concept of group 

velocity was introduced independently by Stokes and 

Rayleigh in the 1870s. At the same time, Umov inter-

preted vg as the velocity of wave energy–momentum 

transfer. If vg depends on frequency, the medium is said 

to be dispersive with respect to waves of this type. Note 

that the term “group velocity” was introduced by Ray-

leigh, whereas the term “dispersion” goes back to Newton. 

It is easy to verify that the maximum amplitude of 

the packet traveling with the velocity vg decreases with 

time as (α
2
+β

2
t

2
)

–1/4
. The packet width increases with 

time as  
1/22 2 2

α β .t  Its total energy remains con-

stant. When t>0, the spectral components are redistrib-

uted within the packet such that when x=const the in-

stantaneous frequency increases with time if β < 0, and 

decreases if β > 0.  

The wave energy conservation law results from the 

conservatism of the ideal medium we have chosen as 

cold magnetoactive plasma. In fact, the waves are ab-

sorbed, their energy is converted into heat, but they may 

also amplify if the medium is nonequilibrium, as is the 

case in the external radiation belt, where a small addi-

tion of energetic ions (mostly protons) creates condi-

tions for the occurrence of ion-cyclotron instability 

[Cornwall, 1965]. There is, however, a detail that was 

not immediately included in the structure of the standard 

Pc1 model [Troitskaya, Guglielmi, 1967; Guglielmi, 

1979]. The situation is as follows. In the pioneer work 

[Cornwall, 1965], the initial perturbation is taken as a 

monochromatic ion cyclotron wave, which propagates 

in a homogeneous infinite cold plasma comprising an 

addition of nonequilibrium energetic ions. But the mod-

el of the monochromatic wave filling the infinite space 

is difficult to adapt, even conceptually, to radiation belt 

conditions. Moreover, we will show that the radiation 

belt is not a generator — it is an amplifier of ion-

cyclotron waves.  

Take the initial perturbation in the form of a wave 

packet, as we have done above, rather than in the form 

of a monochromatic wave. Replace the frequency ω in 

the dispersion equation with the complex value ω+iγ 

whose imaginary part is commonly referred to as the 

medium instability increment relative to wave perturba-

tions of this type if γ>0 or the wave damping decrement 

if γ<0. The calculation of γ in the framework of realistic 

medium models is a mathematically complex and often 

cumbersome procedure. It suffices here to assume that 

γ>0 in a certain frequency band ω (or wave numbers k), 

and γ≤0 outside this band.  

Consider a low-amplitude wave packet in a nonequi-

librium medium. Assume that the γ distribution in the 

instability strip is unimodal, as it happens in many cases 

(see, e.g., [Guglielmi, Pokhotelov, 1996]). Expand the 

γ(k) and ω(k) functions in the vicinity of the maximum 

increment: 

 
2

γ γ ,m ma k k     

   
2

ω ω .m g m mv k k b k k      (3) 

Here γm=γ(km), ωm=ω(km), 
2 2
γ / 2 ,

mk k
a d dk


  

2 2
ω / 2 ,

mk k
b d dk


  γm>0, а>0. 

The further calculation, which is quite similar to the 

above one, gives the following law of wave packet evo-

lution in a nonequilibrium medium: 
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The packet amplitude increases exponentially with 

time due to the fact that the free energy of nonequilibrium 

plasma is transformed into the wave energy.  

Formula (4) allows us to introduce a concept of sig-

nificant difference between absolute and convective 

instabilities of nonequilibrium medium, which is im-

portant for the Pc1 theory [Lifshitz, Pitaevskii, 1979]. 

With the absolute instability, the amplitude increases at 

any space point. For this purpose, as follows from (4), 

the inequality 

 

2

2 2
γ

4

g

m

v a

a b



 (5) 

should hold. With the inverse inequality, the instability 

is convective: the amplitude remains finite at any fixed 

space point. It increases exponentially only in the refer-

ence frame moving with the group velocity, for exam-

ple, at the point x=vgt. Note that for ion-cyclotron waves 

in the radiation belt the condition of convective instabil-

ity is almost always fulfilled. This means that in the 

radiation belt the ion-cyclotron waves may be amplified 

rather than generated. 

 

2. STANDARD MODEL 

The self-excitation of ion-cyclotron waves is possi-

ble in the expanded system that includes a radiation belt 

and an open resonator. The resonator is formed by the 

geomagnetic flux tube with its ends resting on the iono-

sphere in magnetoconjugated regions of the Northern 

and Southern hemispheres. The wave packet, amplified 

in the radiation belt, propagates to Earth, reaches one of 

the resonator’s ends, is partially reflected, arrives at the 

amplifier input, and then the process is repeated in the 

opposite hemisphere. If coefficients of reflection from 

the ionosphere are large enough, the radiation belt be-

gins generating oscillations at the ion-cyclotron reso-

nance frequency  

 p A pω / ,m c v   (6) 

where Ωp is the proton gyrofrequency at the equator of 

the flux tube, cA is the Alfvén velocity, pv  is the longi-

tudinal component of energetic proton velocity. Here, 

for simplicity, we take the condition A p.c v  These 

are the general characteristics of the standard model of 

Pc1 ULF wave excitation described in more detail in the 

reviews and monographs [Troitskaya, Guglielmi, 1967; 

Guglielmi, Troitskaya, 1973; Guglielmi, Pokhotelov, 

1996; Kangas et al., 1998].  

In the standard model, the dynamic spectrum of the 

pearl necklace, presented in the Figure, is interpreted as 

follows. In fact, we observe the same ion-cyclotron 

wave packet oscillating along the geomagnetic flux 

tube, being reflected from the ionosphere in magneto-

conjugate regions. The packet periodically returns to the 

radiation belt, is amplified, and the process repeats. Os-

cillations are generated provided that the energy inflow 

from the radiation belt in the wave field exceeds the losses 

occurring due to wave reflection from the ionosphere. The 

period of repetition of the structural elements (see Figure) 

is equal to twice the travel time from one conjugate point 

to another with the group velocity vg. The carrier frequency 

is determined by resonance condition (6). An increase in 

the frequency within a single structural element is due to 

the fact that ion-cyclotron waves suffer dispersion spread-

ing with the dispersion parameter being negative: 

β=dvg/2dk<0 (see Formula (2)). 

We have not specifically mentioned this fact, but it 

is clear from the context that the linear theory of wave 

propagation is used for the analysis. In other words, the 

amplitude of initial perturbation (1) is assumed to be 

sufficiently small. In an unstable medium, the wave 

packet is evolving for only a short time according to (4). 

The packet amplitude increases exponentially, and the 

linear theory becomes invalid ~1/γm after the start of the 

process. The detailed analysis of the nonlinear stage of 

evolution is beyond the scope of this paper. We restrict 

ourselves to describing one scenario for evolution, 

which is interesting from a physical point of view and 

perhaps useful for interpreting observations. 

The picture of the evolution of small perturbations in 

an amplifying medium is qualitatively as follows. At the 

linear stage, initial perturbations increase with their spec-

trum narrowing rapidly and concentrating in a small vicini-

ty of the resonance frequency ωm=ω(km). As the amplitude 

increases, nonlinear processes come into action. Nonlinear-

ity is called dissipative if γ(k) is modified under the action 

of waves, or conservative if ω(k) is modified. Focus on the 

conservative nonlinearity and model it by adding the term
2

η ψ  to the right-hand side of the second of formulas (3). 

Assume that the Lighthill criterion η 0b   is met. Then the 

modulation instability of wave field arises. This leads to 

spectral broadening, which in turn leads to wave energy 

transfer from the amplification range (|k–kres|<Δk) to the 

dissipation range (|k–kres|>Δk). Here Δk is the amplification 

bandwidth. Thus, due to the energy transfer along the spec-

trum, the amplitude ψ  stabilizes.  

We have adopted this scenario from the theory of 

wind waves on the water surface [Andronov, Fabrikant, 

1979]. It might take place in a nonequilibrium plasma 

too [Guglielmi, 2008]. Let us call your attention to an 

interesting fact. The modulation instability is believed to 

give rise to solitons. In an active (amplifying) dispersing 

nonlinear medium, a soliton appears to have no free 

parameters. Its amplitude, width, and carrier frequency 

is completely determined by medium parameters. Recall 

that a soliton in a passive medium has two free parame-

ters, namely, amplitude and carrier frequency. The 

width of the soliton is determined by its amplitude. In 

contrast, in the linear wave packet propagating in a pas-
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sive medium, the amplitude, width, and carrier frequency 

are independent, i.e. are free parameters (see (2)). 

 

3. PROBLEMS OF INTERPRETATION 

Beauty, elegance, and depth of the theory of wave 

packet propagation manifest themselves in the fact that 

of a small number of postulates we managed to infer a 

variety of opinions about amazing properties of Pc1 

waves. Many of properties of pearls, if not all, seem to 

be understood and described in terms of the theory, at 

least qualitatively. But look at the slope of the structural 

elements in the Figure, it does not change with time. 

This roughly contradicts the linear theory of wave pack-

et spreading since the theory predicts that the slope of 

elements must increase monotonically. An original hy-

pothesis about the origin of the anomalous dispersion of 

pearls was proposed in the framework of the quasilinear 

theory of plasma instability [Feygin, Yakimenko, 1969, 

1970; Feygin, Kurchashov, 1975]. However, the prob-

lem cannot be considered solved because without alter-

native assumptions we cannot experimentally test the 

hypothesis about the quasilinear mechanism of the for-

mation of pearl dispersion.  
Let us refer to the second problem as the discrete-

ness problem. The crux of the problem is that in the 
linear theory of waves in a dispersive nonequilibrium 
medium there is no stratification mechanism of dynamic 
spectrum such as that shown in the Figure. As in the 
case of the anomalous dispersion, we have to supple-
ment the standard model with the hypothesis on the 
nonlinear mechanism of the formation of a quasiperiod-
ic sequence of structural elements. In this context, a 
structural element of pearl series is sometimes spoken of 
as a soliton, but this is nothing more than a general line 
of thought when searching for the solution of the dis-
creteness problem. There is no physical content in the 
analogy between pearls and solitons. 

The problems of pearl discreteness and dispersion 
may be called theoretical in the sense that observations 
show clear stable properties of oscillations, whereas the 
theory appears to be insufficiently sophisticated to ex-
plain these properties. Moreover, both of these problems 
seem to be associated with the theory of nonlinear oscil-
lations. In contrast, the third problem, presented below, 
is experimental and can be fully formulated in the 
framework of the linear theory of ion-cyclotron wave 
propagation. We call it the problem of the existence of 
ion-cyclotron resonators in the magnetosphere (ICR 
problem). Its crux is that the theory indicates the exist-
ence of ICR, but we could not find any experimental 
evidence of it, even despite our efforts [Guglielmi et al., 
2000; Guglielmi et al., 2001; Guglielmi, Potapov, 
2012]. 

The ICR problem arises due to the presence of small 
addition of heavy ions (e.g., O

+
) in the magnetosphere. 

The specific irregularity of the geomagnetic field in the 
vicinity of the equatorial plane plays a key role in form-
ing ICR. We have, however, agreed not to go to the 
heart of the complex problem of wave propagation in 
inhomogeneous media. We therefore restrict ourselves 
to a brief comment and the above references (see also 
the review [Guglielmi, 2007]). 

The main difference between ICR and the resonator 
of the standard model of pearl self-excitation is that 
wave reflection points are not in the ionosphere but high 
above Earth’s surface, in a small vicinity of the geo-
magnetic field line vertex representing the axis of the 
resonator. In this regard, there is an additional problem 
of interpretation since it is unclear how the energy of 
waves accumulated in ICR is transferred to Earth. 

It is interesting that the oscillation period of the 
wave packet between ICR ends is approximately equal 
to the period of repetition of structural elements of pearl 
series. Moreover, the linear wave packet in ICR does 
not spread, although it propagates in the dispersive me-
dium. This partially solves the first of the said problems 
of interpretation. It is still not quite clear why we usual-
ly observe signals of a rising tone rather than, say, of a 
falling one. The concept of ICR, on the existence of 
which the theory provides strong evidence, has allowed 
us to understand one of the fundamental properties of 
pearls — a clear anticorrelation of occurrence of oscilla-
tions of this type with the 11-year solar cycle, namely, 
we managed to relate this regularity with the 11-year 
solar cycle variation of the density of heavy O

+
 ions in 

Earth’s magnetosphere [Guglielmi et al., 2001; Gug-
lielmi, 2007]. At the same time, the ICR theory as linear 
gives no evidence for the stratification of the dynamic 
spectrum, clearly visible in the Figure. 

 

4. DISCUSSION 

We have seen how difficult it may be to interpret 
electromagnetic ULF waves of natural origin. Dozens of 
space physicists armed with the highly advanced theory 
of wave propagation in dispersive nonequilibrium media 
have not unraveled the puzzle of pearls even after the 
extensive research carried out for more than half a cen-
tury. We deem the discreteness problem to be the most 
difficult. To find a way to solve the problem, we turn to 
the theory of critical phenomena and start with the Lan-
dau phenomenological theory, adapting it to our case.  

Introduce a parameter of order of ε=|ψ|
2
 proportional 

to the wave energy density at the center of ICR, aver-
aged, if necessary, over a certain time interval. The evo-
lution equation has the form 

2 .
d

dt


   (7) 

The nonlinear increment ( , )    is  

Г( , ) ( ) ,        (8) 

where α is the Landau constant,  is the controlling 
parameter [Landau, Lifshitz, 1988] (the Landau parameter 

should not be confused with the parameter  in Formula 
(2)). Near the self-excitation threshold, the linear increment 

() is proportional to the controlling parameter: 

с( ) ( ).       (9) 

Here с  is the critical value of ; β is the proportionali-

ty factor. The theory of ion-cyclotron instability of the 

radiation belt [Cornwall, 1965; Kangas et al., 1998] 

suggests selecting the controlling parameter

( / 1).N T T    Here N is the energetic proton density; 
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T ,T  are the longitudinal and transverse proton tempera-

tures. Thus, the theory has three phenomenological param-

eters — α, β, c. 

In equilibrium / 0d dt  . Equilibrium may be dis-

ordered when =0 or ordered when 0 at ( , ) 0.     

The sign of  is important in expression (8) for the non-

linear increment. If >0, the dynamic system is said to 

have soft self-oscillation; and if <0, hard self-

oscillation. The quasilinear theory of interaction be-

tween waves and particles in the radiation belt predicts 

that >0. Apparently, in the soft mode it is difficult to 

expect the pearl discreteness to form. In fact, the system 

with the soft self-oscillation at  c features a disor-

dered state; and at  c, an ordered state. In the latter 

case, oscillations are excited by infinitely small pertur-

bations and there are no intervals between risings in the 

pearl necklace.  

In this respect, the hard self-oscillation mode would be 

more interesting [Guglielmi, Troitskaya 1973]. Unlike the 

dynamic system with soft self-oscillation, the system with 

hard self-oscillation is metastable in a subcritical state. In 

other words, it is stable with respect to infinitely small per-

turbations, but can be transformed into the self-oscillating 

mode under the influence of a trigger, i.e. into perturba-

tions with small but finite amplitude. However, specific 

mechanisms for the hard self-oscillation mode in the radia-

tion belt have not been found yet. 

We think that the development of the theory based 
on the concept of flow-type resonator is also interesting 
and promising. It was proposed by Guglielmi [1971]. 
The case in point was the resonator of standard model of 
pearls, but the concept of flowage can also be applied to 
ICR. The situation is as follows. Side walls of the open 
resonator are formed by a caustic system, i.e. they are 
transparent for radiation belt ions drifting from east to 
west in the inhomogeneous geomagnetic field. Thus, 
ICR is blown off by a stream of hot particles having a 
certain free energy. Outside the resonator, the free ener-
gy is not transformed into the wave energy since, as we 
have noted earlier, the radiation belt particle distribution 
instability is convective. However, inside the resonator 
such transformation is possible and under certain condi-
tions waves are self-excited. The quasilinear interaction 
between waves and particles in ICR leads to a reduction 
in free energy, but the inflow of new particles compen-
sates for the losses. The current nonlinear increment Г 
in the flow-type resonator is appeared to depend on the 
prehistory of wave field evolution. This circumstance is 
formally expressed as follows: 

( , , ) ( ) ( ) ( ) .

t

Г t t t t dt


            (10) 

Guglielmi [1971] shows that the wave field is parti-
tioned into a periodical sequence of discrete signals if the 
form factor Ф=0 when t ′< t–τ and  Ф=1 at t–τ≤t ′≤ t . Here 
τ is the time of transport of radiation belt energetic particles 
across ICR. According to an approximate estimate, τ coin-
cides with the pearl-repetition period. 

The concept of the flow-type resonator was taken up 

by other researchers and was developed in a number of 

papers [Bespalov, Trakhtengertz, 1986; Tagirov et al., 

1986; Trakhtengertz et al., 1986; Trakhtengertz, 

Demekhov, 2002] at the phenomenological level. An 

effective microscopic theory has not been developed, so 

the question about the mechanism of the formation of 

pearl discreteness remains open. What is clear is that the 

discreteness, which was noted by Sucksdorff in his pio-

neer paper [Sucksdorff, 1936], is incompatible with the 

standard theory of origin of pearls. 

To conclude this section, we present a speculative ar-

gument that may give some insight into the origin of ris-

ings in a series of pearls (see Figure). Suppose that for 

whatever reason Г=0, ε=0 at t=0. This can occur as a result 

of wave field evolution in accordance with Equations (7) 

and (10). At t=0, no self-oscillation occurs. However, at 

t>0 new energetic radiation belt ions drifting from east to 

west and having an excess free energy begin to arrive at the 

resonator  (this is the manifestation of ICR flowage). As 

the resonator is filled, the self-oscillation occurs again. It is 

quite clear that more energetic particles fill ICR earlier than 

the less energetic ones. But this means that the oscillations 

at a rather low frequency are excited earlier than those at 

higher frequency in accordance with resonance condition 

(6). In other words, the frequency increase in the structural 

element is not associated with wave packet spreading, but 

with the spread of radiation belt particles in velocity. It is 

easy to verify that ω ,t  i.e. the function ω(t) is convex 

within a rising, which is usually observed in practice. 

 

CONCLUSION 

We have analyzed open problems of physics of 

magnetospheric Pc1 waves and have verified that it is 

necessary to develop new concepts beyond the standard 

model in order to understand the amazing properties of 

the dynamic oscillation spectrum. 

Generally speaking, the expansion of the range of 

the problems indicates successful development of a par-

ticular field of research. However, the said Pc1 prob-

lems have remaining open for so long that they begin to 

cause concern. We are sure that due to collective efforts 

the mechanism of the formation of stable wave struc-

tures observed on Earth and in space as a pearl necklace 

will ultimately be understood. We pin our hopes primar-

ily on the concept of the flow ion-cyclotron resonator, 

located in the equatorial region of the outer radiation belt. 
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