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Abstract—To explain the populations of the outer-belt energetic electrons, including relativistic electrons,
that sporadically appear in the magnetosphere, a mechanism was proposed long ago for the acceleration of
those electrons by short-term bursts of the electric field, which appear on the night side during substorm dis-
turbances (Kropotkin, 1996). This mechanism can be substantially specified if the modern concepts of bursty
bulk flows in the geomagnetic tail, the occurrence of dipolarization fronts, and the excitation of localized
field-aligned-resonant poloidal Alfvén oscillations involving a strong component of the electric field in the

dawn-dusk direction are taken into account.

DOI: 10.1134/50016793221030099

1. INTRODUCTION

It is known that relativistic electrons, which appear
from time to time in the near-Earth part of the magne-
tosphere, are one of the most important factors of
“space weather” (e.g., the modern review by Baker
et al. (2018)). This effect has been discussed in the lit-
erature over the past decades, but a reliable, generally
accepted theory has not been constructed to date.
Here, we will continue our earlier research in this
direction (Kropotkin, 1996). In doing so, we will rely
on a number of important theoretical and experimen-
tal achievements of recent times.

The region of the outer electron radiation belt,
where relativistic electrons are mainly observed, par-
tially coincides on the night side and, as a rule, is
slightly displaced to the Earth relative to the region in
which the most intense magnetic-field variations occur
during a substorm: these include alternating stretching
of field lines and their dipolarization. This region has a
relatively small radial extent, so that the z component of
the field there strongly decreases in the radial direction
at a short distance (Lui, 1992; Kropotkin and Lui,
1995). This means that a small radial displacement of
the near-equatorial particle, which occurs adiabati-
cally (the first invariant | = const), should be accom-
panied there by its significant acceleration.

It was determined long ago that such transport and
acceleration should occur in this area during substorm
activations, which occur with rapid dipolarization of
the magnetic field and with intense transient electric
fields directed from dawn to dusk (Lopez el al., 1989;
Kropotkin, 1990). For the dominant plasma popula-
tion there, with ion energies up to tens of keV, this
appears to be a substorm “injection” process (Mcll-
wain and Whipple, 1986). The longitudinal drift peri-

ods of these particles are on the order of several hours.
They are strongly influenced by convective transport,
so they should not return to the region of night-side
acceleration during the same substorm. On the con-
trary, the most energetic electrons, with drift periods
of the order of minutes, can return to this region many
times during the same substorm and, thus, increase
their energy by several times in successive dipolariza-
tion events, which can occur many times during one
substorm.

By now, these general considerations can be pre-
sented in a more concrete manner. In what follows, we
will briefly consider a number of the existing provi-
sions derived from modern experimental and theoret-
ical research. They characterize the mechanism of the
emergence of fast localized plasma flows, their rela-
tionship to the processes of magnetic reconnection,
and the emergence of “dipolarization fronts,” as well
as the excitation of strong magnetohydrodynamic
(MHD) oscillations by these flows in the inner part of
the magnetosphere with a dipole-like magnetic field.
It is the electric fields of these oscillations that are
capable of producing a significant acceleration of
energetic electrons.

2. PHYSICAL MECHANISMS

In the plasma sheet of the geomagnetic tail, bursts
of the electric field directed from dawn to dusk are
associated with localized short-term plasma flows,
which have been well studied in multisatellite experi-
ments (Birn et al., 2011; Birn et al., 2017; Gabrielse et al.,
2017; Liu et al., 2013, 2014; Lui, 2015; Nakamura et al.,
2017; Runov et al., 2011; Sergeev et al., 2009; Wilt-
berger et al., 2015; Kropotkin, 2019). These include
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bursty bulk flows (BBFs) with a wider localization, as
well as dipolarization flux bundles (DFBs) with a nar-
rower localization, usually within the BBF.

Such localized short-term plasma flows arise as a
result of bursts of magnetic reconnection in the geo-
magnetic tail, which form extremely thin current
structures in the plasma sheet, anisotropic forced
kinetic current sheets (FKCS) (Domrin and Kropot-
kin, 2007; Zelenyi et al., 2016; Kropotkin, 2014; Kro-
potkin and Domrin, 2009; Domrin and Kropotkin,
2004; Kropotkin and Domrin, 1996, 2009; Kropotkin
etal., 1997; Nakamura et al., 2006; Zhou et al., 2009).
In the central part of such a sheet, under the action of
the reconnection electric field, plasma is transported
along the sheet to the Earth at a rate close to the local
Alfvén speed, i.e., a fast localized short-term plasma
flow arises.

When approaching the Earth, there is a sharp
deceleration of the flow at the front edge of the plasma
sheet: the formation of the “dipolarization front”
(Birn et al., 2011; Lui, 2015; Runov et al., 2011; Sergeev
et al., 2009). Appearing, thus, in a very short time on
the quasi-dipole flux tube in its near-equatorial part,
the plasma flow particles here give up their momen-
tum in this short time. Such a fast process looks like a
“hit” on “strings”, that is on quasi-dipole flux tubes in
this region that occurs in their near-equatorial part.

On quasi-dipole field lines, there are specific eigen-
modes of MHD oscillations that are field-aligned-reso-
nant and small-scale in the direction transverse to the
background magnetic field (Leonovich and Mazur,
1993). Their excitation by means of external driving
was studied earlier (Leonovich and Mazur, 2016).
These oscillations can be excited by the arrival of a
dipolarization front. In the first approximation, the
problem is solved as an initial problem with a nonzero
initial pulse specified in the equatorial part of the flux
tube, far from its ionospheric roots, where the MHD
wave should be reflected. After such reflections, a
field-aligned- resonant oscillatory disturbance arises,
with a finite amplitude determined by intensity of the
initial pulse.

Those field-aligned- resonant MHD oscillations
involve a dawn—dusk electric field component that
results in local acceleration of energetic electrons of
the outer radiation belt, which is associated in time
with magnetospheric substorms. This should lead to
strong increases in the fluxes of such electrons.

3. DETAILS AND DISCUSSION

Jet flows arise in the kinetic description of pro-
cesses in the geomagnetic tail, during FKCS genera-
tion. Note that they cannot appear in the ideal MHD
with infinite conductivity. In the MHD approxima-
tion, transverse motions in the magnetosphere are
possible only at Alfvénic, short times, and these are
MHD waves, not convective motions, contrary to the
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interpretation of the simulation results given by Birn
and Hesse (2014) and some other papers. For rela-
tively slow, convective jet flows unrelated to FKCS
generation, finite ionospheric conductivity is import-
ant: it determines the intensity of transverse currents
in the magnetosphere, which are caused by the inertial
drift of ions during flow deceleration and are con-
nected to the ionosphere by the system of field-aligned
currents. Here, it should also be borne in mind that the
effect of conductivity cannot be correctly taken into
account in numerical simulation due to the presence
of artificial, numerical dissipation.

The “hit” on quasi-dipole flux tubes occurring in
their near-equatorial part, which is associated with the
arrival of the dipolarization front, generates, as noted,
a wavelike MHD disturbance on these tubes. Such a
disturbance arising in the near-Earth tail region, local-
ized over the local time angle, should develop as field-
aligned-resonant Alfvén oscillations in the poloidal
mode (Leonovich and Mazur, 1993; Leonovich and
Mazur, 2016). This effect should be visible at relatively

short Alfvénic times, T ~ S/ V4, where S is the length

of the flux tube and V is the average value of the
Alfvén speed.

The magnetic field-aligned scale of the disturbance
is much larger than the transverse one, which makes it
possible to separate the field-aligned dependence in a
certain way. It should be a solution of the one-dimen-
sional Sturm-Liouville problem for standing Alfvén
oscillations on a field line. A field line located at a
given equatorial radial distance L resonates at a cer-
tain frequency m.

The transverse structure of the oscillatory mode,
however, presents a complex problem. The radial
structure can be calculated if the azimuthal scale is
small (azimuthal wavenumber m > 1). Let us briefly
recall the relevant theory (Leonovich and Mazur,
1993).

Assuming that the transverse scales are small in com-
parison with the field-aligned ones and choosing an

orthogonal coordinate set (xl,xz, x3), where x' = const
on each magnetic shell, x> = ¢ is the longitudinal

angle, and X" is counted from the equator along the
magnetic field line, we can express the disturbance
electric field E in terms of the scalar potential:

E; =—0® /ox’,j=1,2.

If x° is the distance / measured along the field line
from the equator, we get the following equation for ®:

VLV, +V,L,V,)® =0, (1)
where V; = B/ij ,and
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with p = (g, / gl)l/ ’ depending on / due to the curvature
of the field B,; 4 designates the Alfvénic speed.

Seeking a solution with a small transverse scale, it
is possible to present the azimuthal dependence in the

form ~e™® with m > 1, so that V,¢ = im@, and the
radial dependence may be presented in the quasi-clas-
sical form

@ = H(x',1,0)exp(iQ + im)
where Q = rkl(s, w)ds; for H we obtain

LH =0, 2)
where

2
L=1Lx" k,mo)=kll + kL _9,9 o
( 1 ) Ly 2 Lp 3 [q By, q e
q=pki +p 'm’.
Disregarding the ionospheric absorption, we obtain
the boundary condition at the ionospheric level /, :

H|, =0. 3)
For the given x' and ®, the equations (2) and (3) deter-
mine the eigenvalue problem for the parameter K = &, / m.
The eigenfunctions H (xl,l, w), (N =12,...), corre-

spond to the eigenvalues K (x', ®), with N half-waves
on the given field line. Fixing the wave number m, we
obtain the spectrum

kinm = mKN(xl, ),

and the corresponding quasi-classical phase Q has the
form

0 = Oy, (x', 0) = m| " Ky (s, 0)ds.

Thus, the solution of the longitudinal eigenvalue
problem determines the dependence on the transverse
coordinate x' in the leading order of the Wentzel—
Kramers—Brillouin (WKB) approximation.

For every xl, there are two limiting cases, K =0
and K = oo, which correspond to purely poloidal and
purely toroidal modes. In the first case, we have an
eigenvalue problem in the form

Lp(@)H =0, H|, =0, (4)

with the solutions @ = Q% (x') and H = Py(x',/). In
the second case,
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Ly(wH =0, Hl|, =0,

with solutions @ = Q,Tv (x")and H = Ty (x',1). The dif-

ference AQ, = Qz - Qi is the polarization splitting
of the spectrum and is determined by the curvature of
the magnetic field B;,. For a mode at a given fre-
quency, there are two special resonant surfaces (RSs):

the poloidal (PRS) on the magnetic shell x' = x5, (®)

and the toroidal (TRS) one at x' = x},y (). The trans-
parency region of that mode is located between these

two points, xJDN and xITN. In (Leonovich and Mazur,
1993; Leonovich and Mazur, 2016) an approximate
solution for this transparency region is constructed.

It was shown that the mode structure for a given
frequency o is a traveling rather than a standing wave.
From the PRS, it propagates towards higher L, where
the TRS is located and where the wave is completely
absorbed. In this process, the polarization of the dis-
turbance changes from purely poloidal (the magnetic
field vector lies in the meridional plane) to purely
toroidal (the field vector is perpendicular to that
plane). Analysis of this transformation process leads to
an estimate of its characteristic time ~m/® (Leonovich
and Mazur, 2016, p. 316). This time is the duration of
the train of oscillations on a particular magnetic shell
with the electric-field component directed azimuthally;
they are capable of accelerating electrons on their drift
orbit. It is seen that the number of oscillation cycles in the
train is estimated by the azimuthal wave number m.

This effect can be manifested by Pi2 oscillation
trains (e.g., Antonova et al., 2000). These oscillations
are apparently also recorded in observations in the
geomagnetic tail, and they are reproduced in MHD
simulation (e.g., Figs. 6, 7 of Birn et al. (2011) and
comments by Gabrielse et al. (2017, p. 5071—-5072)).
The extent to which these effects are important
remains unclear from MHD simulation, since there is
always an artificial, numerical damping of distur-
bances in it. On the other hand, Pi2 excitation by the
BBFs that appear from the geomagnetic tail during a
substorm has long been described in the literature
(e.g., Kepke and Kivelson, 1999; Kepke et al., 2001).
Of course, the further development of the disturbance
in the inner magnetosphere is a complex MHD pro-
cess, which can be interpreted in a certain approxima-
tion as the linear interaction of different modes (e.g.,
Keiling et al., 2001). Due to the notorious complexity of
this picture, it has not yet been possible to cite observa-
tional evidence of the excitation of specifically poloidal
Alfvén oscillations during dipolarization/BBF.

For the mechanism of the acceleration of relativis-
tic electrons, it is important to assess how the oscilla-
tory structure of the field £, which exists in the indi-
cated field-aligned, resonant poloidal oscillations
(and, accordingly, in the Pi2 train), affect them.
Apparently, it is essential that the oscillation train is
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short and rapidly damping, so that the initial accelera-
tion impulse strongly dominates. The first, largest
half-wave in this decreasing train is always associated
with arrival of the dipolarization front from the geo-
magnetic tail; thus, the azimuthal electric field in it
has the required direction for accelerating electrons.
The “damping” is actually due to the propagation and
transformation of modes excited by an external source,
which initially have a poloidal polarization but then, as
already mentioned, quickly change to the toroidal one.
A source of the instantaneous-impulse type
(“impact”) with a very wide (formally, infinite) spec-
trum excites Alfvén waves on all magnetic shells at
once. A monochromatic wave is excited on a given

magnetic shell xl, for which this wave is poloidal.
Accordingly, the frequency ® of the wave is equal to

the poloidal frequency of this shell, Qpy (x1 ) , and the
polarization of the wave is poloidal (the magnetic field

oscillates in the radial direction along the x' coordi-
nate). Each of the monochromatic waves then runs in
the radial direction, i.e., to its toroidal surface, and the
polarization of the wave gradually turns from poloidal
to toroidal as this propagation progresses.

The theoretical analysis of the problem of distur-
bances in the near-Earth part of the geomagnetic tail,
where the plasma parameter beta is not small, already
has a long history that is reflected in many publica-
tions (in particular, the article by Mazur et al. (2014)
and the book by Leonovich et al. Mazur (2016), which
also contains many references to earlier works). These
disturbances, which can be generally considered bal-
looning modes, are studied in their possible connec-
tion with the problem of substorm disruption of equi-
librium in the global magnetospheric system. In this
work, we focus on the fact that modern observations
indicate the development during a substorm of a num-
ber of separate BBFs from the geomagnetic tail that
are localized in local time. Their most important man-
ifestation is the emergence of “dipolarization fronts.”
Each such front leads to the appearance of an azi-
muthal electric-field pulse on quasi-dipole field lines,
where the beta parameter is sufficiently small. Thus,
the application of the theory of Leonovich and Mazur
for the corresponding magnetic flux tubes turns out to
be justified.

Problems similar to ours were solved in a recent
work (Gabrielse et al., 2017). Using an empirical ana-
Iytical model of multiple DFBs wrapped in BBFs
moving towards the Earth, the authors show how
near-equatorial electrons can travel long distances and
be accelerated by hundreds of keV via betatron acceler-
ation. The model parameters are selected based on
observations made on four THEMIS satellites; this
imposes restrictions on the speed, location of the
flows, and the magnitude of magnetic and electric
fields in the DFB events. Sharp, localized peaks in a
“dipolarized” magnetic field have such strong spatial
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gradients V B that energetic electrons make a gradient
drift in closed trajectories around these peaks as the
peaks move towards the Earth. Further, the idea of
conservation of the third adiabatic invariant is used
under conditions in which the field changes on time
scales exceeding the electron drift period. An energetic
electron rotates around a sharp peak in magnetic field
along a closed trajectory encircling an area of approx-
imately constant magnetic flux. As the magnetic field
in the flux tube increases, the area encircled by the
drift trajectory of the electron decreases, and the elec-
tron does not escape into the surrounding plasma
sheet while continuing to gain energy due to betatron
acceleration. When the DFB reaches the inner magne-
tosphere, where the background field is strong, elec-
trons quickly gain access to the previously inaccessible
drift shells that encompass the Earth. Thus, DFBs
facilitate the transfer of energetic electrons over long
distances along the geomagnetic tail and their acceler-
ation, throwing them into the inner magnetosphere
and increasing their energy by hundreds of keV.

Such a mechanism can be considered an alternative
or, possibly, additional mechanism to the one we have
considered. However, it should be borne in mind that
its implementation still requires the formation of BBFs
that lead to the formation of DFBs. We point out that
this should happen exactly during the formation of a
reconnection layer, a thin anisotropic FKCS. Another
important point is that, upon entering the inner magne-
tosphere, with its quasi-dipole field geometry, the elec-
tron finds itself in the zone of action of the MHD distur-
bances that are characteristic of this particular region, the
field-aligned-resonant poloidal modes considered by us
above; thus, the acceleration should take place precisely
due to the electric fields of those modes.

4. SIMPLE ESTIMATES AND CONCLUSIONS

It is still impossible to construct a quantitative esti-
mate of the disturbance amplitudes for the electric
field of magnetic field-aligned-resonant, poloidal
modes that accelerate energetic electrons: we have
only a linear theory of the effect. It is also still difficult
to distinguish exactly the manifestations of the field-
aligned-resonant poloidal modes in satellite observa-
tions. This, of course, results in significant uncertainty
in the application of our results to the interpretation of
observations. Many researchers believe that substorm
injections deliver only preaccelerated electrons (seed
electrons), which are then accelerated to relativistic
energies by very low-frequency (VLF) emissions (a
“chorus”). Whether this is always so, we cannot say
yet. Apparently, both situations are possible, with
additional acceleration by the chorus emissions and
without it, depending on the intensity and frequency
of the occurrence of substorm disturbances in the tail.

As for the acceleration of electrons to relativistic
energies, it should be noted that it is often associated
in the literature with the effect of Pc5 pulsations,
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which have periods on the same order as the drift
period of such electrons motion around the Earth.
This should lead to nonadiabatic changes in their
fluxes, accompanied by their acceleration (e.g.,
Romanova and Pilipenko, 2008; Lam, 2017). How-
ever, unlike our theory, in that approach, nothing
indicates an association with specific disturbances
characteristic of substorms.

For a rough estimate of the possible effects in the
particle fluxes, we only note that the typical electric-
field intensity during a dipolarization is on the order of
FE ~10 mV/m (for instance, (Lui, 2015)); the local
time range for a disturbance is A¢ ~ 3—5h LT, and the
radial distance estimate is R ~ 5-8 R;. The period of
azimuthal drift is T ~ 22 / Le ~ 1—4 min for electrons
with energy € ~ 1—2 MeV. The duration of the field £
action on electron is then At ~ T(Aq)/ 2m) ~10—40 s;
the energy gain is Ae ~ 200—500 keV; the increase in the
magnetic field on the electron drift orbit is AB/ B~ 10—

50% (it is kept in mind that 8/ B = const). The typical
energy spectrum at high energies in the outer radiation
belt may be presented in the exponential form

J, ~ exp(-¢/e,) with g, ~ 0.3 MeV. Based on these
estimates, we obtain a flux increase at every accelera-
tion act on the order of AJ, ~ 100—300%.

Note that the estimate used above for the duration
of the field £ action on electron is based on the
assumption that this duration is determined simply by
the duration of the stay of the drifting electron in the
azimuthal sector of the disturbance. This means that
such a time interval should be short as compared to the
characteristic period of the disturbance. If the distur-
bance is associated, as we have done above, with the
first half-wave of the decaying Pi2 pulsation train

(their period is T ~ 10° s), then the given estimate of
10—40 s makes sense. In general, the uncertainty in the
observational data apparently does not yet allow us to
go further.

Thus, we find confirmation of the previously made
assumption (Antonova et al., 1999) that short, strong
bursts of the electric field associated with local bursts
of dipolarization, which, in turn, are short-duration
manifestations of substorm activity on the night side,
can strongly accelerate electrons with an initial energy
in the range of ~100 keV to ~1 MeV. This is a unidirec-
tional process; thus, a series of successive impacts
leads to ever greater energy gains. This process is regu-
lar rather than stochastic.
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