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ABSTRACT

Ultralow frequency (ULF) waves in the Pc5 band have been suggested as a possible intermediary transferring
energy from high-speed streams of the solar wind to magnetospheric electrons. Although ULF waves are not the
only mechanism of accelerating electrons up to relativistic energies, nonetheless they are an essential element of
the electron energization process, though their role has not been finally established yet. Among observational facts
regarding the interrelationships between Pc5 wave activity and electron dynamics, we discuss the following pro and
con factors related to the ULF-associated energization mechanisms: The correlation of electron fluxes at the geosta-
tionary orbit and the Pc5 wave power; The correspondence between the azimuthal phase velocities of toroidal and
poloidal Pc5 waves and the electron magnetic drift; The correspondence between the latitudinal structure of Pc5
waves and the outer radiation belt. Consideration of these facts does not allow one to unambiguously resolve the
issues concerning the role of ULF waves in the magnetospheric electron energization. We suggest that the acceler-
ation of electrons by ULF disturbances may occur not in a regime of “geoserfotron” with Pc5 waves (match of the
azimuthal velocities of waves and drifting electrons), but rather in a regime of “geosynchrotron” with transit-time
acceleration by substorm-related Pi3 pulsations.
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1. Introduction

1.1. ULF Waves as Driver of “Killer” Elec-
trons

The global electrodynamics of the near-earth space
is driven by the solar wind (SW) and interplanetary mag-
netic field (IMF). However, many processes develop en-
tirely inside the magnetosphere, because in a collision-
less space plasma the SW flow does not interact directly
with magnetospheric particle population. Among them
is the acceleration of magnetospheric electrons to rel-
Under-

standing the physical nature and prediction of the ra-

ativistic energies in the outer radiation belt.

diation belt response to interplanetary driving is still
a challenge for space physicists. Moreover, the “killer”
electron events are not merely a scientific curiosity, but
they can have disruptive consequences for spacecraft
electronics . The SW relativistic electrons cannot be a
source of magnetospheric relativistic electrons because
their phase space density is too low to feed the ob-
served increases of electron fluxes in the inner magneto-
sphere (21, Therefore, the outer radiation belt formation
is due to some internal magnetospheric process where
electromagnetic fields play a role of intermediary trans-
ferring the energy from lower energy seed particles to a
small group of high-energy electrons. There are, possi-
bly, a variety of mechanisms of magnetospheric electron
acceleration up to relativistic energies, and depending
on geophysical situation, some acceleration mechanisms
prevail.

The dynamics of the outer radiation belt is deter-
mined by a complicated action of various energization,
transport, and loss mechanisms. Rapid increase of high-
energy particle fluxes in the magnetosphere 20-40 min
after a solar flare suggests that interplanetary shock is
an efficient accelerator of electrons up to 6 MeV[3 4,
The magnetic storm main phase is typically accompa-
nied by a dropout in the outer electron belt flux which
is attributed to adiabatic decrease during the magneto-
sphere compression and loss due to magnetopause shad-
owing. A dropout is followed by rebuilding during the
storm recovery phase when the electron fluxes are adi-
abatically restored to their pre-storm values. However,

in ~50% of storms the electron enhancements go well

beyond the adiabatic level. These enhancements stem
in two phases. First, the embryo of the relativistic elec-
tron flux intensification occurs in the heart of the belt
(L~3-4) and on rapid time scales (about several hours),
and later and more slowly (days to weeks) at higher alti-
tudes[>8l.

The fast acceleration phase is seemingly related
to the substorm growth. The amount of energy con-
tained in the outer belt MeV electrons is smaller than
that released in a typical substorm by orders of magni-
tude, thus only a small fraction of the substorm energy
is needed to feed the radiation belt electrons. Rebuild-
ing of ~1 MeV electrons is due to a considerable extent
to injections from the nightside magnetosphere, though
it is not known to what degree the transport from the
plasma sheet is sufficient to produce radiation belt en-
hancements. While some studies suggested that sub-
storm dipolarization and associated energization alone
are sufficient to account for observed radiation belt en-
hancements [°11, others claimed that it is necessary to
include additional acceleration mechanisms. For exam-
ple, Kim et al.!"?! modeled in 3D MHD simulations the
substorm-associated acceleration of energetic (tens of
keV) plasma sheet electrons upon their injection into
the outer-trapped region of the magnetosphere and con-
cluded that via betatron acceleration they can gain about
order of magnitude in energy. But, to have energies of an
MeV these particles are to be further transported inward
to L~6 by some mechanism. Estimation of the num-
ber of accelerated electrons indicated that moderate sub-
storm produces only several % of the number of MeV
electrons observed in a typical post-storm outer belt en-
hancement.

There have been evidence indicating the ultra-low-
frequency (ULF) wave contribution to the later slower
energization phase!'>14, The time delay ~2-3 days
of the peak values of electron fluxes after storm onset
at geosynchronous orbit inspired the idea of gradual
diffusion-type acceleration caused by ULF activity[°],
The radial transport due to magnetospheric ULF os-
cillations during storm recovery transports the newly
trapped electrons earthward and energizes them due to

16]

betatron acceleration! The resonant interaction of

drifting electrons with Alfven oscillations in the Pc5 fre-
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quency band can be a magnetospheric intermediary pro-

[17-191  This acceler-

viding the energy to the electrons
ation mechanism requires seed electrons of a few hun-
dred keV which are supplied by substorms.

On the other hand, observations and theoretical
models indicated that very-low-frequency (VLF) emis-
sions (1-10 kHz) can play a key role in the accelera-
tion of magnetospheric electrons 2%, Such VLF radiation
turned out to be “chorus” - narrow-band emissions with
a strong frequency dispersion, excited by energetic elec-
trons[?1, The effects of VLF electron acceleration dom-
inate over their pitch-angle scattering into a loss cone
at a sufficiently high initial electron energy. Numerical
modeling predicted that under intense chorus emission
in the inner magnetosphere the electron flux can exceed
the average flux in the heart of the outer radiation belt
in ~1 day[?2],

Some earlier theories of the outer radiation belt for-
mation were based on the mechanism of radial particle
diffusion caused by inductive electric fields excited upon
permanent buffeting of the magnetosphere by SW im-
pulses 23], Nowadays, the conception of a faster process
- resonant interaction of ~100 keV seed electrons sup-
plied by substorms with ULF waves, becomes more pop-
ular. The period of the electron drift with energy W and
pitch-angle at L-shell can be estimated from the Equa-
tion (1)

44

Ty~ ———
¢ LW [MeV]

(0.7 + 0.3 sinc) (€))]

According to this relationship at L = 5 for 1-MeV
electrons T ;~6 min, whereas for 100-keV electrons
T4~1 h. The drift resonance between drifting electron
and azimuthally propagating waves with the wave num-
ber m occurs when the azimuthal phase velocity matches
the electron angular velocity wy = 27/T4 as shown in

Equation (2) [24-2¢]

w/m = wy (2)

The resonant condition in Equation (2) means that
waves must propagate in the same azimuthal direction
as electrons, and with the same phase velocity as the
electron drift. This mechanism resembles the particle
acceleration at the front of propagating electromagnetic

wave 27l and may be coined the “geoserfotron” mecha-
nism.

The mechanism was suggested that did not re-
quire any ULF or VLF activity for the electron energiza-
tion[?8 21, According to this scenario, first an injection
of energetic electrons into a region with a depressed by
the ring current magnetic field occurs, then upon a re-
covery of magnetospheric magnetic field their energy in-

1301 For a steep en-

creases due to betatron acceleration
ergy spectrum even a relatively weak enhancement of
the magnetic field should lead to a considerable increase
of fluxes.

A high substorm activity on recovery phase is prob-
ably a necessary attribute of a significant enhancement
of relativistic electrons after a storm. Tverskaya et al.[31]
found many storm events with |Dst|,,q, = 65-237 nT
and high-speed SW (V,, > 500 km/s), but no after-
storm enhancement of relativistic electrons. All these
cases were associated with low substorm activity during
the recovery phase. At the same time many moderate
storms with |Dst|,,q. = 30-100 nT and low Vg, < 450
km/s with large (order of magnitude) enhancement of
relativistic electron intensity exhibited a high substorm
activity on the recovery phase. The mechanism of this re-
lationship is not clear yet, possibly high substorm activ-
ity at the storm recovery phase stimulates a higher level
of ULF/VLF activity and seed electron fluxes.

1.2. Long-Period Disturbances in the Mag-
netosphere

ULF waves are a persistent component of a dis-
turbed magnetosphere. During storms different classes
of ULF activity can be observed:

Toroidal Alfven waves (period T is about several
mins) are azimuthally large-scale (that is with small az-
imuthal wave numbers m) quasi-monochromatic oscil-
lations. They are incompressible field line oscillations
polarized in the azimuthal direction, so their dominat-
ing components in the magnetosphere are azimuthal
magnetic By >> B,, and radial electric £, >> Fj,
whereas the compressional magnetic component van-
ishes, B ~ 0. Thus, only relatively weak component
E4 provides the energy exchange with azimuthally drift-
ing electrons. The narrow latitudinal localization (width
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~1-2°) of toroidal Pc5 waves is caused by Alfven field-
line resonance. The main source of Pc5 toroidal pulsa-
tions is the Kelvin-Helmholtz instability of the magne-
topause engulfed by the SW flow, so Pc5 intensity grows
statistically with the increase of the SW velocity. Pc5
waves are predominantly observed at auroral latitudes
at morning LT hours. Sudden jumps of the SW pressure
may be an additional source of transient Pc5 oscillations
throughout the dayside magnetosphere.

Poloidal Alfven waves (storm-time Pc5 pulsa-
tions) are field line oscillations polarized in the radial di-
rection, so the dominating components are radial mag-
netic B, >> B, and azimuthal electric £, >> FE,.
These waves are commonly coupled with slow compres-
sional mode, so they have a significant compressional
component B ~ B,. Thus, these waves can effec-
tively exchange energy with azimuthally drifting parti-
cles. These waves reveal clearly small-scale periodic
structure in azimuthal direction, that is large m~30-
100. Poloidal pulsations in the Pc5 frequency band can
be resonantly excited by fluxes of energetic ring current
protons with a non-Maxwellian distribution in energy
(bump-in-tail instability) or with a steep pressure gradi-
ent (drift instability). Because of their small-scale in the
direction across the geomagnetic field, they are nearly
totally screened by the ionosphere from ground magne-
tometers.

Waveguide mode (global Pc5 waves). The most
intense Pc5 waves, with amplitudes exceeding by an or-
der of magnitude those of common Pc5 pulsations, are
observed during the recovery phase of severe magnetic
storms under high-speed SW streams [3?], These anoma-
lously strong pulsations are referred to as global Pc5
pulsations 3] because they are observed simultaneously
in the morning and evening sectors over a wide range
of latitudes. Their dominating components in the mag-
netosphere are B, and Ey4. Global Pc5 pulsations oc-
cur when the energy flux from the SW due to the re-
connection is suppressed and they become a significant
channel of the wave energy transfer into the magneto-
sphere. Global Pc5 waves can be interpreted as a waveg-
uide fast-magnetosonic mode, established between the
magnetopause and reflection point deep in the inner

34] .

magnetosphere! Apart from exceptionally high am-

plitudes, global Pc5 pulsations, associated with the mag-
netospheric waveguide mode, decay from auroral to low
latitudes much more gradually than common Pc5 pul-
sations and penetrate deeper into the inner magneto-
sphere. However, global Pc5 pulsations are excited un-
der exceptional conditions and are relatively rare.

Pi3 pulsations are a quasi-periodic sequence of in-
tense (up to several hundred nT) impulses (with time
scale 5-20 min) and constitute a fine structure of mag-
netospheric substorm. The power of Pi3 pulsations is
spatially concentrated in the region of the auroral elec-
trojet[3%]. Quasi-period of Pi3 is much larger than Alfven
fundamental eigenperiod at auroral latitudes, so these
pulsations, in contrast to Pc5 waves, cannot be inter-
preted as Alfven field line oscillations. Excitation mech-
anisms of Pi3 pulsation is probably associated with dy-
namics of bursty processes in the magnetotail, but it has
not been established yet.

During magnetic storms all possible drivers of mag-
netospheric ULF pulsations are to be strongly activated,
so any of the above ULF waves may be considered as po-
tential energy reservoir for relativistic electrons. In prin-
ciple, a combination of several mechanisms can operate.
For example, a radial transport and pre-energization of
electrons driven by ULF waves may be augmented by lo-
cal acceleration by VLF emissions. Further, we consider
arguments in favor and against the energization mecha-
nism by different types of ULF Pc5 waves.

2. Pro: Statistical Relationships
between the ULF Activity and
Relativistic Electrons at the
Geosynchronous Orbit

The long duration elevated Pc5 wave power dur-
ing the recovery phase appeared to discriminate better
than any geomagnetic indices between those storms that
do and do not produce relativistic electrons. The main
phase intensity characterized by Dst index did not ap-
pear to be an important indicator of subsequent electron

[36] " As a measure characterizing the level of

response
the ULF power in the magnetosphere, the hourly ULF in-
dex has been used 37). This wave power index character-

izes the ground ULF activity in frequency band from 1.7
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mHz to 8 mHz on a global scale and is calculated from
a world-wide magnetometer array. A long-term persis-
tent ULF activity was found to be more important for
electron acceleration than short-term, though intense,
ULF bursts 381, Comparison between Dst index, electron
fluxes at the geosynchronous orbit, and cumulative ULF
index showed that there was no simple correspondence
between the magnetic storm intensity and magnitude
of electron enhancement. Sometimes, the sustained in-
tense increase of the relativistic electrons fluxes was ob-
served after a weak storm (|Dst| < 100 nT), whereas the
increase after a strong storm (|Dst| > 200 nT) was much
shorter and less intense. The electron behavior matches
well the variations of the ULF-index, so the cumulative
ULF index characterizes the electron dynamics much bet-
ter than Dst index. The elevated level of cumulative ULF
wave activity precedes the peak of relativistic electron
flux for about 1 day, which implies the occurrence of a
cumulative effect of some diffusion process.

To determine a physical mechanism of the magneto-
spheric electron acceleration to relativistic energies it is
necessary to identify the region of electron energization
and its possible drivers in the context of structure of the
magnetosphere. During magnetic storms both the outer
radiation belt and all magnetospheric domains are very
dynamic, so any empirical statistical models cannot help
much. Magnetospheric domain which might be impor-
tant for electron dynamics is the auroral oval[®?l. This
magnetospheric domain with intense field-aligned cur-
rents, high turbulence in wide frequency/spatial scales,
essential distortions of the magnetic field geometry, and
high fluxes of seed auroral electrons, is also filled with

[40] These waves may provide an en-

intense Pc5 waves
hanced radial transport inward the magnetosphere and
acceleration of electrons.

The above consideration is a strong argument in
favor of Pc5 waves as energization mechanism of mag-
netospheric electrons. However, such measure of ULF
activity as band-integrated spectral power cannot dis-
criminate between the quasi-monochromatic Pc5 waves
and irregular Pi3 pulsations in the same frequency band.
Therefore, all the facts evidencing the important role of
ULF in electron dynamics support both Pc5 and Pi3 ac-

tivity as possible electron drivers.

3. Con: Azimuthal Propagation of
Pc5 Waves and Magnetospheric
Electrons

The resonant condition (2) indicates that for an ef-
fective transfer of energy from waves to particles waves
must propagate in the same azimuthal direction as elec-
trons, and with the same phase velocity as electron drift.
How does this condition is fulfilled for toroidal, poloidal,
and waveguide Pc5 pulsations? The existing information
is summarized and illustrated in Figure 1.

The comparison of wave signatures from longitu-
dinally separated ground magnetometers has shown
that toroidal Pc5 pulsations propagate westward (anti-
sunward) both in the morning and afternoon sectors.
Similarly, global Pc5 waves also propagate westward
both during morning and afternoon hours, though with
somewhat different phase velocities. Such westward
wave propagation pattern makes the drift resonance de-
scribed by Equation (2) with eastward drifting energetic
electrons impossible. Moreover, the needed component
Ey4 is weak in the toroidal mode. Therefore, the possibil-
ity of electron energization up to relativistic energies by
toroidal or global Pc5 waves seems questionable.

. Toroi\dal AW
%,

Poloi dalAW.‘\‘ i

X
maoa 2 kaw \

5

N

Figure 1. A sketch of possible resonant interaction between
electrons and toroidal and poloidal Alfven waves (AW). Dashed
line denotes the drift trajectory of electrons.

Do poloidal Pc5 waves contribute to post-storm
electron energization? The effective exchange of energy
between ULF waves and particles occurs under the drift-

bounce resonance condition
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w—mwg — Kwy, =0

where wy is the bounce averaged angular drift velocity
and K is the bounce harmonic number (the case K = 0 cor-
responds to the drift resonance). The idea that poloidal
ULF waves with m >> 1 can effectively energize radi-
ation belt electrons, on the time scale of a few hours,
was promoted in many studies [*!#2, However, poloidal
Pc5 pulsations are most probably generated by energetic
protons injected into the magnetosphere, so they propa-
gate in the direction of proton drift, that is opposite to
the electron drift. They hardly can resonantly interact
with electrons, despite their favorable polarization with
dominant component Ey.

Another difficulty to apply Pc5-driven diffu-
sion/energization mechanism to electron dynamics is
the mismatch of their typical latitudinal distribution:
electron energization starts in the middle magneto-
sphere (L~3-4) and then expands to higher latitudes
(L~6-7), whereas typical Pc5 waves are strongly local-
ized at sub-auroral latitudes and hardly can be detected
at middle latitudes. Only global Pc5 waves during strong

magnetic storms can penetrate to low latitudes 34 .

4. Possible Role of Pi3 Pulsations

The band-integrated ULF wave power cannot dis-
criminate between quasi-monochromatic Pc5 waves and
Thus, a high
correlation between ULF power and electron dynamics

irregular quasi-periodic Pi3 pulsations.

could be performed to a considerable extent by Pi3 pul-
sations. The transit time of drifting electron across the
small-scale Pi3 structure is much less the Pi3 periodic-
ity, so they can be considered a quasi-steady structure
with intense azimuthal electric field £;. Now we con-
sider what kind of influence may be exerted on the en-
ergetic drifting electrons from azimuthally localized Pi3-
type disturbances. For simplicity herein we only con-
sider the particles mirroring near the geomagnetic equa-
tor. The energy imparted to the charged particle in a
time-varying field can be estimated from the well-known

B
oW = /dt eVaEy +MW

Here e is the particle charge, u = mV?/2B is the

formula

(3)

particle magnetic moment, V is the electron azimuthal
drift velocity, and integration is made along particle tra-
jectories. We consider the particle acceleration induced

by an azimuthally localized disturbance, such as

(E¢, B”) x exp {—(¢/A¢)2 — wt (4)

where A¢ stands for the azimuthal extent of Pi3 source.
We expand the wave fields into Fourier integral over time
t and azimuthal angle ¢, then for particles drifting along
trajectories ¢ (t) = ¢ + wat, where ¢y is the initial par-
ticle phase, the energy gain per one pass through the dis-
turbed region will be
SW = [7_dméW,,
oW =

Jdt [eVaEg (m,w) — ipwB) (m,w)] ezp [—i (w — mwq) t + imdo]

Here m is the parameter of the Fourier decompo-
sition (or wave number) in the azimuthal direction. Re-
membering that fiooodt/emp (—iat/) = ¢ («), we obtain

oW = [ dm [eVaEy (m.) — B (m, )] 8 0 = mwa) eap (imoo)
)

The resonance condition w = mwy in Equation (5)
means that an energy transfer from the wave to the parti-
cles occurs only when the period of the wave T' = 27 /w
is equal to particle drift period T,; = 27 /w, or its multi-
ples. The factor exp (imdo) relates to the proper phasing
between the particles and the oscillating field: depend-
ing on the initial phase some particles give energy to the
wave, while others extract energy from it. Further we
will consider Equation (5) averaged over group of parti-
cles with such phases that §W > 0. For such disturbance

we have equations from (4) and (5)

VTAg

Wd

oW =

wA¢>2

2wgq

+z’°‘”’5o] (6)

[eVdE¢ — iwuB“] exp |:—<
wd

The expression (6) shows that only the group of
particles with such energies that the period of transit
through a disturbed region AT~A¢p/wy is less than the
disturbance period T will be resonantly accelerated in
the most effective way. The Pi3 disturbances just slowly
propagate azimuthally, and the resonant condition de-
notes that after a drift around Earth an electron enters
the Pi3 disturbance region with a proper phase. Parti-

cle acceleration via described mechanism is physically
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similar to the particle acceleration upon the transit-time
heating in a synchrotron, so the discussed process may
be called “geosynchrotron”.

The expected effect of Pi3 impact on electron fluxes
may be roughly estimated assuming that £4~10 mV/m,
the azimuthal scale of Pi3 disturbance A¢~3 h LT,
for electron with energy W~1 MeV the period of az-
imuthal drift at L~5-8 according to (1) is 1-4 min.
Then during the impact time electron acquire energy
W~eEywqAp~0.2-0.5 MeV. Typical energy spectrum at
high energies may be approximated as J~exp(—W /W),
where Wy~0.3 MeV. According to these estimates at
each acceleration impact the flux increase is to be
J~100-300%.
can return to the acceleration region many times and

During substorm relativistic electrons

subsequently increase their energy.

5. Discussion

Inference for the Electron Acceleration
Mechanisms

Here we summarize arguments pro the ULF-driven
acceleration:

e ULF Pc5 waves are one of the largest energy con-
tainer during the storm recovery phase.

e ULF wave index was shown to be a good indicator
of the relativistic electron response to magnetic
storm (even better than Dst index and SW veloc-
ity) and should be taken into account by any ade-
quate space radiation model. The acceleration of
relativistic electrons is a cumulative effect of the
ULF wave turbulence with a typical time scale ~1
day.

e Global Pc5 pulsations during the storm recovery
phase can penetrate deep into the magnetosphere,
in the region of relativistic electron energization;

Arguments con are as follows:

e Typical morning side Pc5 pulsations are latitudi-
nally localized at the sub-auroral region and have
a weak azimuthal electric field component in the
magnetosphere;

e Directions of the electron drift and Pc5 (both
toroidal and poloidal) azimuthal phase velocity
are predominantly opposite.

To resolve the issues related to the ULF-driven elec-
tron energization we suggest that an increase in the
power of Pi3 oscillations stimulates the acceleration and
radial diffusion of seed electrons. In the process of
such radial diffusion from the periphery of the magne-
tosphere to the internal shells additional betatron ac-
celeration of electrons occurs. Thus, ULF Pi3 activity
is a “supplier” of pre-accelerated energetic electrons to
the inner regions of the magnetosphere. Here, electrons
may undergo local acceleration when interacting with
VLF “chorus” radiation. Statistical multifactor analysis
showed that the synergistic influence of the power of
ULF and VLF radiation on the fluxes of relativistic elec-
trons is higher than the sum of the separate contribu-
tions of these factors*3l, Pi3 pulsations are closely asso-
ciated with substorm, so this hypothesis highlights an ad-
ditional role of substorm in the radiation belt energiza-

tion.

6. Conclusions

Turbulent acceleration of magnetospheric elec-
trons up to relativistic energies is an example of trans-
fer of considerable energy of MHD turbulence to a small
group of particles in a space plasma. There are several
con factors for the electron energization mechanisms by
Pc5 waves, which have not been resolved yet. We suggest
that the acceleration of electrons by ULF disturbances oc-
curs not in a regime of “geoserfotron” with Pc5 waves,
but rather in regime of “geosynchrotron” with Pi3 pul-
sations. This fact should be taken into account by any
adequate model of the electron energization. Surely, the
proposed mechanism does not exclude the possibility of
operation of other mechanisms, e.g, local VLF chorus-
driven energization or adiabatic acceleration by recov-
ering magnetic field.
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