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Abstract. A threshold condition has been estab-
lished for excitation of VLF electromagnetic radiation
with a chorus structure of the dynamic spectrum in the
daytime magnetosphere using the BPA (Beam Pulse
Amplifier) mechanism for amplifying short noise elec-
tromagnetic pulses. The kappa distribution was used as
a model function of the electron velocity distribution in
the magnetosphere. Calculations performed for this dis-
tribution have shown that the threshold for excitation of
chorus largely depends on the electron plasma parame-
ter equal to the ratio of gas-kinetic pressure of electrons
to magnetic pressure. This pattern is not contradicted by
the dependence of the probability of excitation of chorus
on the degree of magnetic field irregularity, which we
derived from observations made by the Van Allen Probe
spacecraft. It is sharp fluctuations in the magnetic field

strength near its local minima outside the plasmasphere
where the radiation under study can be excited. If there
is an irregularity, the probability of detecting chorus is
>70 %; and if there is no or very low irregularity, the
probability of the absence of any emissions is ~80 %.
The results indicate a common reason for the excitation
of chorus and the magnetic field irregularity — a small
but finite value of the plasma parameter.

Keywords: VLF emissions, chorus, wave-particle
interaction, data analysis, middle magnetosphere.

INTRODUCTION

Chorus electromagnetic radiation with frequencies
of the order of several kilohertz and repetition periods
of discrete elements amounting to tenths of a second is
usually generated outside of the plasmapause in the
dawn and prenoon sectors of the middle magnetosphere.
According to experimental data from the CLUSTER,
THEMIS, and Van Allen Probe spacecraft, chorus are
excited in a region shaped like a cigar elongated along
the magnetic field more than 2000 km in length and 300
km in average diameter [Bell et al., 2009; Agapitov et
al., 2017] near a local minimum of the magnetic field.
Typically, chorus in the excitation region is discrete
emissions in two spectral bands centered slightly below
half the minimum electron cyclotron frequency for a mag-
netic flux tube considered. According to morphological
studies, chorus is generated by electrons from radiation
belts with 10-20 keV energies [Kasahara et al., 2009].

There is experimental data and theoretical calcula-
tions indicating that chorus can accelerate some elec-
trons to high energies (several megaelectronvolts) for
approximately several hours [Meredith et al., 2003].
From a more general point of view, the question con-
cerning the acceleration of a small part of electrons by

electromagnetic waves to relativistic energies has also
been addressed in earlier works (see, e.g., [Summers et
al.,, 1998; Horne, Thorne, 1998]). Accelerated high-
energy particles in radiation belts pose a danger to
spacecraft and are one of the critical factors of space
weather. Operation of spacecraft, stability of communi-
cation and navigation systems depend on space weather.
Some energetic electrons enter the upper atmosphere,
where they manifest themselves as pulsating auroras
[Nishimura et al., 2010; Miyoshi et al., 2015]. Thus,
the interaction of charged particles with chorus ensures
energy exchange between electrons in different energy
channels and has many other geophysical manifestations.
To explain the observed discrete spectral forms of
chorus electromagnetic radiation, cyclotron generation
of different types are often discussed under the assump-
tion of high anisotropy of the energetic electron distri-
bution function [Trakhtengerts, 1995; Omura et al.,
2008; Fu et al., 2014]. Yet, accumulated observational
data cannot always be explained by the cyclotron mech-
anism of electromagnetic radiation generation. Im-
portant results have been obtained in [Zhou et al., 2015],
where it is shown that chorus in the dayside magneto-
sphere can be generated in regions with marginally sta-
ble plasma, and the efficiency of this generation de-
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pends on the length of the region of wave-particle inter-
action. The Beam Pulse Amplifier (BPA) mechanism
proposed by Bespalov and Savina [2018, 2019] can an-
swer to many questions that arise when interpreting key
features of experimental data.

The results obtained in this work agree with those of
the BPA mechanism of chorus amplification [Bespalov,
Savina, 2021]. As shown below, the main reason for
their excitation is not too small value of the plasma pa-
rameter

Be :8T5Pe / BZ’ (1)
in the rarefied magnetosphere. Note that (1) is briefly
called plasma f.

The first section provides information about two
possible types of wave-particle interaction at the Che-
renkov resonance. We briefly describe fundamentals of
the BPA mechanism theory. A condition is obtained for
effective amplification of short noise pulses with kappa
distribution of energetic electrons by velocity modulus.
The second section gives specific examples of the rela-
tionship of the degree of magnetic field irregularity with
chorus generation. The method of quantifying the mag-
netic field irregularity is detailed. We present the results
of statistical processing of observational data. We com-
pare Van Allen Probe A and B data. A magnetic field
irregularity model is proposed, and the threshold excita-
tion condition for the kappa distribution of energetic
electrons by energy is calculated. In conclusion, we
summarize the results.

CONDITIONS FOR WAVE-
PARTICLE INTERACTION
IN CHORUS GENERATION
IN THE DAYSIDE
MAGNETOSPHERE

1.1. Two types of wave-particle interaction at
the Cherenkov resonance

The observed anisotropy of the distribution function
of energetic electrons, particle fluxes, and their energy
is often insufficient to reach the instability threshold at
cyclotron resonance as a possible frequently discussed
chorus generation mechanism. There is no such problem
for the wave-particle interaction at the Cherenkov reso-
nance.

It is well known that there are two interaction types
at the Cherenkov resonance (see, e.g., [Artsimovich,
Sagdeev, 1979]). In the first type, when

(AV,)* >>(y/k,)*, in deriving the formula for the

growth rate y at strongly bloomed beams in the Landau
approximation, the finite width of the wave—particle
resonance is neglected and the thermal beam spread in
the field-aligned particle velocity AV is assumed to be
much greater than the resonance width. Then, for each
unstable wave with a longitudinal component of wave
vector k, a small group of resonance particles is found in
the beam distribution function, whose contribution to
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the growth rate is determined by the slope of the distri-
bution function. In the second type, when

(av, )2 <<(y/kz)2, the entire beam as a whole is in

resonance with an unstable wave. It is in this case that
the development of the effective beam amplification we
are interested in is possible.

1.2. BPA mechanism of chorus excitation

For typical conditions in the chorus excitation re-
gion, the emission frequency ®
O <O< 05 <0,

where is the lower hybrid

1/2
wg =€B/(mc), o, =(4nne*/m) " are the electron

OLH frequency;

cyclotron and plasma frequencies; e is the electron
charge; m is the electron mass; n, is the plasma density;
c is the velocity of light. Many properties of electro-
magnetic waves propagating in the specified whistler
range in the quasilongitudinal approximation [Ginzburg,
1967] in a cold relatively dense plasma are described by
the well-known [Helliwell, 1965] dispersion equation

) o [k, (k2 +Kk2)"

w =

()

k? +k; +oj /c?
where k, and k, are wave vector components along and
across the magnetic field B. It can be seen from (2) that

under the condition kf+kf=(mp/c)2 the equation

reduces to o= Co, / (20, )|K,|. There is therefore a spe-

cific velocity indicated by the red dashed line in Figure 1
and corresponding to the equality between the longitu-
dinal phase and group velocities along the magnetic
field (along the Z-axis)

Vin: =Vg = U, 3

where ug = Cwy / (20, ) is the Gendrin velocity [Hel-

liwell, 1995] independent of the magnitude of the trans-
verse component of wave vector k.

O)/(DB
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Figure 1. Dispersion relation determined by Equation (2).
The red dashed line explains the possibility of equality
between phase and group velocities (3)
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There are interesting features of the evolution of the
short electromagnetic pulse incident on a homogeneous
layer of magnetized plasma if conditions (3) hold for
spectral components. Such a pulse is a stationary wave
in the z coordinate, and its wave field can be written as

E =E_(z-ugt),

B. =B (z-ugt). @

Short electromagnetic pulse with wave field (4), accord-
ing to simple kinematic considerations [Bespalov, Sav-
ina, 2021] fundamental for the BPA mechanism, can
interact for a long time only with a small part of ener-
getic particles, which we call a cloud of active electrons.
These electrons flew into the region of wave-particle
interaction together with a pulse, and the small spread of
their longitudinal velocities relative to the Gendrin ve-
locity must satisfy the condition

AV, =uit /1 <y/k, <ug, (5)

where t, is the pulse duration; | is the length of the
wave-particle interaction region. According to (5), the
active electron cloud density with the distribution func-
tion f is determined by the expression

ug +(1/2)AV,
Jdvz,

where the interval of integration along the field-aligned
velocity V, is defined by condition (5).

The spatiotemporal evolution of the active electron
cloud in electromagnetic pulse field (4) is described by
the quasi-hydrodynamics equations, which, after linear-
ization, take the form

©

( [ f2nv.av,

0

n, =

(6)

ug —(1/2)AV,

on,
ot
oV N e
—+U; —+—
ot 0z mc
~2e -2 (BxB)
m mcB
where n,_, ny, are perturbed and unperturbed densities of

active electrons, V_, u (é/ B):\7O are perturbed and

+Ug %+nbdiv(\7~): 0,

)

(V. xB @)

unperturbed velocities of active electrons. In (7), the
first equation is a linearized continuity equation; the
second is a linearized equation of motion of active elec-
tron in Euler coordinates. Note that the last term on the
right side of the second equation in (7) corresponds to

the expression —c/(mc)(\70 x I§N), derived when linear-
izing the Lorentz force. After turning to spectral com-
ponents, expression for resonance current density in
pulse (4) can be written as
n,e’o
m(o-ku, )
Taking into account the resonance current in Maxwell's

equations, we can write the standard equation for spec-
tral electromagnetic pulse components [Ginzburg, 1967]

Jo =1 @)
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2
()
— 9
o 9)
in which nonzero components of the plasma dielectric
permittivity tensor are determined by the expressions

E(EE)—k2E+ gE =0,

2

©p
&y =&y =1-— 7
o’ —o;
2
[
_ i B™p
€, =€y =1 P N’ (10)
co((o —mB)
2 2
Lo, Ny,
n, (o—k,ug)

These formulas differ from the well-known expressions
for cold plasma only by the last term in &35 resulting
from resonance current density (8). The dispersion
equation of interest, which represents the determinant of
(9) equal to zero, in the quasi-longitudinal approxima-
tion is reduced to the form [Bespalov, Savina, 2019]

(0-o, (K, 6))((0—|kz|uG )2

where the modulus sign accounts for the possibility of
wave propagation in two directions,

sin=k, /(k?+k?) “and  cosB=k, /(K2 +k2)'".

Dispersion equation (11) that is a third-order equation
with respect to the complex frequency has been ana-
lyzed in [Bespalov, Savina, 2019]. The relationship be-
tween the real part of the frequency and the growth rate
for an unstable solution is illustrated in Figure 2. Note
that under conditions for approximation validity

o, =|k,|ug the unstable solution of Equation (11) of
interest has a frequency and a growth rate

nos .
= D09 gjn2 6|cose|3 ,(11)
32n,

|cos 6]
O ="——0g,
: (12)
:ﬁ(isinz(ﬂcosefj Og.
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Figure 2. Dependence of the frequency (dashed line) and
the growth rate of the unstable solution of Equation (11) on
the longitudinal wave-vector component
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Bespalov et al. [2022] have shown that when imple-
menting the BPA mechanism of chorus excitation in
magnetospheric ducts of enhanced and depleted cold-
plasma density with refractive reflection 6=20° and
then, according to Equations (12), the emission frequency

O = 0gpn = 0.470y (13)
and their growth rate
1/3
nb
Y =7Ygpa =0.13 R (14)
p

1.3. Condition for effective amplification of
noise pulses for kappa distribution of energetic
electrons by velocity modulus

Angular and energy distributions of energetic elec-
trons in the middle magnetosphere depend on many
factors, the most important of which are the power of
particle sources and the mechanisms of their losses.
Both processes are caused by the wave-particle interac-
tion. The results of long-term observations have shown
that in many cases for energetic electrons in the middle
magnetosphere the loss cone is narrow, and the kappa
distribution is realized in terms of velocity modulus
[Benson et al., 2013] with the parameter k equal to two,

F(V) n y
)

— P
2n\/§a3 [1+
where n :J f(V)4nV2dV is the electron density, o is
0
the characteristic velocity of energetic (hot) electrons
satisfying the condition a<ug. For distribution function
(15), it is easy to write down the condition for effective
amplification of short noise pulses. We begin with the
electron pressure expression

(%

2
Setting down the expression included in growth rate
(14) for the active electron cloud density

(15)

V 2
20’

f AnV 2dV =3—nn mo.?.
4 p

(16)

n, =(AV,)2r[ fV,dv, =
0
JZ
and considering the ratio (C(DB]
(X(Dp

v n, 7

1
420, (1+

ug
20°
__ B _ 3
4nmna’ 28,

we get an expression for the growth rate
y =0.01w,B*

e -

(18)

Effective excitation of chorus emissions is possible
with a sufficiently effective amplification of short noise
pulses, which occurs when the condition is met
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2yl /ug >5. (19)

where the length of the wave-particle interaction region
is equal to the scale of the longitudinal variation in the
magnetic field in the parabolic approximation [Bespalov,

Trachtenhertz, 1986] | = a, az(Sﬁ/Z)rEL, where rg
is the Earth radius; L is the magnetic shell parameter.

Comparing expressions (18) and (19) shows that chorus
excitation takes place at not too small plasma parameter

8nP,
B, = 57 > 0.05.

(20)

2. MAGNETIC FIELD IRREGULARITY
IN THE CHORUS

EXCITATION REGION

2.1. Specific examples of the relationship
between the degree of magnetic field irregularity
and chorus excitation

Modern observational data amassed during the im-
plementation of the Van Allen Probe mission makes it
possible to advance in the justification of derived esti-
mate of plasma parameter (1). When working with ob-
servational  data  [http://emfisis.physics.uiowa.edu/
Flight/], we have found that the presence of chorus de-
pends on the irregularity (fine structure with sharp
jumps of several gamma) of the geomagnetic field near
its local minima. Figure 3 gives two typical examples
explaining this dependence. At 03:00-05:00 UT (a), the
magnetic field was irregular and there were clear chorus
spectral elements (c, €). In the dynamic spectrum (d), no
chorus was detected when the magnetic field varied
smoothly (b).

2.2. Quantitative estimation of magnetic field
irregularity

To quantify the index of magnetic field irregularity
AB>0, we have constructed a fitted curve for each event
and have calculated the standard deviation of the obser-
vational data from the corresponding approximation.
The irregularity index AB can be divided into two inter-
vals: 0<AB<2 nT, where the lowest probability of

detecting chorus emissions is observed, and AB >2 nT,
where chorus emissions are most likely to be detected.

According to the proposed algorithm, the irregularity
index AB is 5.72 and 0.24 nT (Figure 4, a, b). The findings
allow us to assume that for the event (a) the probability of
detecting chorus is high, whereas for the event (b) it is low.
For example, according to calculations, for the events
shown in Figure 3, AB=3.35 (a) and 0.48 nT (b).

2.3. Results of statistical data processing

We have analyzed 152 events occurring in January,
February, and November 2015, for which high-
resolution EMFISIS (Electric and Magnetic Field In-
strument Suite and Integrated Science) wave data is
available [Kletzing et al., 2013]. Each event represents
data from 2—-4 hour observations near the local mag-
netic field minimum. From visual selection and sampling
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Figure 3. Examples of simultaneous observation of the magnetic field and the dynamic spectrum in the frequency range of
chorus emissions. In panels ¢ and d, vertical lines indicate time intervals with available high-resolution observational data suita-
ble for spectral processing
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numerical verification of the magnetic field irregularity
by the criterion from Subsection 2.2, it has been found
that 58 events do not have magnetic field irregularity,
81 % of which have a spectrum (see Figure 3, f) without
chorus emissions; 94 events have magnetic field irregu-
larities, 66 % of which feature chorus emissions.

Figure 5 gives an example that explains the obtained
pattern well. At ~05:00-06:00 UT (a), the magnetic
field had no irregularities (AB=0.23 nT); at 06:00-07:00
UT, there were irregularities, an increase in the density
of >200 eV electrons according to HOPE (Helium-
Oxygen-Proton-Electron mass-spectrometer) data (b);
clear chorus spectral elements were recorded at the
same time (c, d).

2.4. Comparison of data from Van Allen
Probe A and B

Comparing Van Allen Probe A and B data proved
useful for two reasons. Firstly, it allowed us to conclude
that magnetic field irregularities are not wave-like, but
are caused by quasistationary currents in plasma. Sec-
ondly, it expands the database for statistical processing
of the relationship between the irregularity of AB and
the probability of chorus excitation.

Figure 6 exemplifies a burst of chorus recorded by
Van Allen Probe A and B on January 2, 2015 between
06:40 and 06:45 UT. The burst was observed in the
lower band with frequencies below half the minimum
electron cyclotron frequency. The use of observational
data from two spacecraft with the same equipment and
similar trajectories is known to provide information
about the space-time pattern of phenomena. The plots of
the magnetic field recorded by the two spacecraft have
similar details, which indicates the spatial (non-wave)
nature of the magnetic field irregularity and shows a
large spatial region of synchronous chorus excitation.

5a
( ) RBSPA/EMFISIS Absolute magnitude of magnetic field
(Square root of the sum of the squares).
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2.5. The proposed model of magnetic field
irregularity and some arguments in its support

In our opinion, both the magnetic field irregularity
and the chorus arising after magnetic disturbances have
a common source in the form of ~10 keV electrons
drifting from the dawn side of the magnetosphere to
dusk side in the inhomogeneous curved geomagnetic
field. The electron flux can be assumed to have small-
scale irregularities in the direction transverse to the
magnetic field. With such a non-wave magnetic field
irregularity, pressure balance in the transverse direction
takes place under relatively quiet conditions

BZ
P =P, +P +— =const.
8n (21)
Therefore, assuming that the ion pressure remains con-
stant 8P, +2B/(8m)8B =0 and hence

3B, =8n/B’5P—2(8rP, / B)8B = -2(1+, ) B3B.

For the macroscopic stability of the middle magneto-
sphere, there should be B, <1 and that is why we obtain

an estimate of the plasma parameter variation due to the
presence of the quasistationary current system in the mag-
netosphere,

5B, =—25B/B. (22)

From this we can draw a conclusion concerning the
plasma parameter inhomogeneous across the magnetic
flux tube with B, =0.05. In this case, we can explain

both the magnitude of magnetic field jumps and chorus
generation by the BPA mechanism for amplifying short
noise electromagnetic pulses. Note that for quite large
values of the plasma parameter the magnetospheric con-
figuration loses stability and the chorus excitation con-
ditions cease to hold.
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Figure 5. Typical example illustrating the dependence of the occurrence of chorus on the magnetic field irregularity. Vertical
lines in panel ¢ denote time intervals with available high-resolution observational data suitable for spectral processing
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Figure 6. An example of an event with chorus emissions recorded by VVan Allen Probe A and B on January 2, 2015 between
06:40 and 06:45 UT. In panels ¢ and d, vertical lines indicate time intervals with available high-resolution observational data

suitable for spectral processing

CONCLUSION

We have analyzed excitation of chorus in the mag-
netospheric regions without strong anisotropy of the
distribution function of energetic electrons by amplifica-
tion of short noise pulses. The kappa distribution is cho-
sen as the function of their distribution by velocity
modulus. We have established that at not too small val-
ues of the plasma parameter the natural electromagnetic
pulse amplifier is very effective.

When working with the observational data from the
Van Allen Probe mission, we found that VLF electro-
magnetic radiation with the chorus structure of the dy-
namic spectrum depends on the magnetic field irregular-
ity near its local minima. In the presence of irregularity,
the probability of detecting chorus is more than 70 %,
and in the absence or a very low level of irregularity, the
probability of absence of any radiation is ~80 %. Analy-
sis of data from two spacecraft has shown that magnetic
field irregularities are not wave-like and are probably
associated with quasistationary currents. We have pro-
posed a model of close relationship between magnetic
field irregularities and chorus excitation.
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Thus, the results of calculations and observational
data complement each other and are consistent with the
conditions for the implementation of the BPA mecha-
nism of chorus excitation in the magnetosphere. We
have estimated the plasma parameter at (3, =0.05, re-

sponsible for both chorus excitation and magnetic field
irregularity.
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