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Data from the Van Allen Probes have provided the first extensive evidence of non-linear (as opposed to quasi-
linear) wave-particle interactions in space with the associated rapid (fraction of a bounce period) electron acceler-
ation to hundreds of keV by Landau resonance in the parallel electric fields of time domain structures (TDS) and
very oblique chorus waves. The experimental evidence, simulations, and theories of these processes are discussed.
Key words: the radiation belts, wave-particle interaction, plasma waves and instabilities

Understanding the formation, dynamics, and loss of particles in the Earth’s radiation belts is a problem
that has been studied for decades and that remains incomplete (Horne et al., 20050; Thorne et all, 2010,
2013).The Van Allen radiation belt particle populations exist in a dynamic equilibrium between losses (mainly
due to particle precipitation to the upper atmosphere) and re-filling due to external injections, transport and
acceleration processes (Lyons and Thorne, 1973). The recent results from the Van Allen Probes support the
local nature of particle acceleration (Mozer et all, 2014; Reeves et all,2013), and it is now generally agreed
that in-situ local acceleration mechanisms are important to the outer radiation belt.

A favored candidate for driving in-situ acceleration (and scattering) is the interaction between whistler
waves and electrons (Horne et all, 2005h; [Thorne et all, 2010, 2013). Whistlers in the magnetosphere mani-
fest themselves as electromagnetic perturbatlons generated near the geomagnetic equator and called chorus
(structured, coherent, wave packets (Tsurutani and Smith, 1974)) and hiss (diffusive, wide band emissions
mostly with randomized phases (Meredith et all, 2004; Thorne et al, 1973)). Chorus waves are the most in-
tense natural VLF electromagnetic emissions in the magnetosphere. The maximum chorus wave amplitudes
are located in the core of the outer Van Allen radiation belt (Agapitov et all,2013). This fact, as well as the
closeness of their frequency to the electron cyclotron frequency, make them one of the key factors that control
the dynamics of the outer radiation belt (Horne et all, 20051; Reeves et all,2013; Thorne et all, 2010, 2013).

Interactions between whistler waves and electrons are analyzed in two approximations:

1. The quasi-linear approach, where particles interact with large numbers of small amplitude waves
having random phases and the characteristic time scales are hours and days. The quasi-linear approach
to wave-particle interactions was developed in (Kennel and Engelmann, [1966;

Trakhtengerts, [1966), and applied to the radiation belts in (Lyons ol all, lL(iZZ) with inclusion of diffu-
sion in particle energy and pitch-angle space (Agapitov et all, [2014d; |Albﬁrﬂ 2007; [Artemvev et _all, [2013H;
\Glauert._and Horne, MMM@UMMWMM)md
radial transport of electrons from the tail (Lanzerotti et all, [1980; [Schulz and Lanzerotti, 1974). For the
moment, long time prognoses and models of radiation belts dynamlcs are provided in a frame of this quasi-
linear approx1mat10n (Shprits et all, 2008Y; [Thorne et all, 2013). The averaged (~ 1 s and more) spectral
measurements of magnetic field perturbatlon with low resolution plasma density measurements (from Clus-
ter, THEMIS, Van Allen Probes missions, see details below) are good enough to provide the experimental
basis for such models (Agapitov et all l20_14b|; Artemyev et all, 2013b; Meredith et all, 2009;

12012b; [Shprits et all, lZDD&aI) The problems related to whistler generation and fast anisotropy relaxation of
hot electrons populatlon however, remained out of scope of interests, and the results are mostly obtained
from the numerical self-consistent calculations on the basis of Particle-In-Sell (PIC) models. These results
indicate large initial anisotropy of electron temperature (greater than 2 for non-thermal population, that
has not been observed in averaged data) and its fast relaxation (during ~ 10 gyroperiods) to values less
about 2 (Drake et all,[2015). The recent results from Cluster mission showed that significant part of whistler
waves in the outer radiation belts is oblique (Agapitov et all, 20111, 2012, 2013; MmMUE lZQL5.a|)

These results were confirmed by numerical simulations based on ray tracing approximation



http://arxiv.org/abs/1512.01863v1

2011; Breuillard et all, 2012; Breuillard et all, 2015; [Chen et all, 2013). Presence of oblique waves suffi-
ciently affect scattering processes decreasing life time of electrons of near relativistic and relativistic energies
(Artemyev et all,2012ab, 2013b, 2015a; Mourenas et _all, 2012a,H). The dependence of chorus wave oblique-
ness on the geomagnetic activity explains well the geomagnetic storm dynamics of the electron population
in the outer radiation belt (Artemyev et al), 20134, 2015a; IMourenas et al., 2014). Questions of generation
of very oblique waves are considered in (Mourenas et all, 2015).

2. The non-linear approach where particles can be trapped into the effective potential of large amplitude
coherent waves and the characteristic scales of interactions could be fraction of the bounce period or even
couple of gyroperiods. Discovery of large electric field amplitudes in whistler waves, above 100 mV/m
(Agapitov et all, 2014a; [Cattell et all, 2008; [Cully et all, 2008; Kellogg et all, 2011; Wilson et all, 2012) and
numerous observation of large amplitude whistlers by Van Allen Probes, caused renewed interest in non-
linear effects in wave-particle interactions. The interaction (electron acceleration) of electrons with coherent
whistlers was studied as due to the non-linear cyclotron resonance of electrons moving in the opposite
direction of a parallel whistler wave to satisfy the resonance condition (Bortnik et all, 2008; (Omura et all,
2007; Trakhtengerts et all,2003) (the concept of such interaction is well established analytically and through
the numerical simulation but just several cases from the observations, see for example (Mozer et all, 2014)).
The temporal and spatial scales of chorus source and wave coherence are important parameters for feasibility
of nonlinear interaction processes, were studied in (Agapitov et all, 2010, 2011a; [Santolik et all, 2005). The
source region scale was found to be around 600 km at L ~ 4.5 from Cluster measurements and about 3000
km from measurements of five THEMIS spacecraft (Agapitov et al),[2010). Numerous observations of similar
chorus wave packets aboard Van Allen Probes spacecraft at separations greater than 500 km indicate that
the chorus source spatial scales varies from 500 to 1000 km in the outer radiation belt (Agapitov et all,
2011a). Thus, recent results show that the scale of the source region for chorus waves is much greater than
the wavelength (~ 10 — 20 wavelengths) and that this scale may depend strongly on L-shell. The temporal
whistler wave coherence is discussed in the recent paper by (Gao et all, 2014), where the high level of time
coherence was obtained for chorus waves (rising and falling tones) but a much lower coherence level was
obtained for hiss. The detailed study of nonlinear trapping and acceleration as well as of breaking the
resonance conditions for cyclotron and Landau resonances is presented in (Artemyev et all, 20151).

It was shown that the majority of the observed large amplitude waves were very oblique (Agapitov et al.,
20144d; [Cattell et all, 2008) and thus had large electric field, also, aligned to the background magnetic field
(see figure 4 in (Agapitov et all,2014d)). Large electric field component parallel to the background magnetic
field allows these waves to interact with electrons through the Landau resonance that reduces the energy
threshold for non-linear trapping to ~ 1 keV (Agapitov et all, 20144; [Artemyev et all, 2012d). This interac-
tion provides acceleration along the background magnetic field line, which can cause precipitation of 10— 100
keV electrons (Artemyev et all,2012d) that presumably becomes the source for x-ray micro-bursts. Moreover,
such interaction provides the significant feedback for wave fields and tends to the nonlinear transformation of
waveforms that was demonstrated on the basis of electric field measurements on board the Van Allen Probes
(Mozer et all, 2014) making the dramatic changes for distributing function on time scales about couple of
gyroperiods due to trapping. The Landau trapping responsible for such interactions needs high resolution
particles data for confirmation (all results were obtained from the numerical PIC simulation (Drake et all,
2015)) and these processes are the subject for future projects. The Landau resonance trapping can provide
the feedback response from trapped particle to the wave fields and Van Allen Probes project presents the
high quality data for electromagnetic fields and particles to study in details these nonlinear effects.

Data from the Van Allen Probes have provided the first extensive evidence of nonlinear (as opposed to
quasi-linear) wave-particle interactions in space with the associated rapid (about a bounce period) electron
acceleration to tens (and hundreds in some cases) of keV by the Landau resonance in the parallel electric
fields of time domain structures (TDS) (Artemyev et all, 2014; Mozer et all, 2014; Vasko et all, [2015) and
very oblique chorus waves (Agapitov et all, 2015a). The Van Allen Probes A and B were launched on
August 30, 2012, aiming at studying the radiation belts with unprecedented detail (Mauk et all, 2013).
The data is provided by the following instruments on board the Van Allen Probes: the Electric Field
and Waves (EFW) instrument (Wygant et all, 2013) for electric field waveforms; the Electric and Magnetic
Field Instrument Suite and Integrated Science (EMFISIS) (Kletzing et all, [2013) for electric and magnetic
spectral and polarization information, the DC magnetic field data and electron cyclotron frequency f.e, the
electron plasma frequency value f, (deduced from the upper hybrid frequency); the Energetic Particle,
Composition, and Thermal Plasma (ECT) instrument (Spence et al), 2013) data of the Helium Oxygen
Proton Electron (HOPE) detector for electron fluxes below 50 keV (Funsten et all, [2013), and the Magnetic
Electron Ion Spectrometer (MagEIS) 30 keV to 4 MeV measurements (Blake et all, 2013). The waveform
data was transmitted at 16,384 samples/s (35,000 from EMFISIS) for 5 s continuous intervals in the burst
mode (triggered automatically by large amplitude signals), as well as continuously every 6 s under the form



11:15:00—-11:18:00 11:21:00-11:26:59

15. eV
E ﬁw\ \51)\__,\_ 21, ev
- 30.
— 1000 9 kN ﬁ ] %= &
2 ¢ o NN &Y
5 167. eV
10 'e
v 8 - o
= = O B A st At sl A llfei] T /'\‘/\\
I 5 = = 3 m
>~ 1 M, [
| AT—— . |/ —\
~ 100 Ak T -E b E 107 W LN e
_ 10 7 lt 6\ 0} - 3 45 90 135 45 90 135 10386 ev
> 10000 WAttt o [] a [°] h
> ] 107
o
§ 1000 ok q— (k)
S 1
5 3 5
a 100 =
:22: 11:22:42.2 . 3
I 100 40 o
£ € ]
> 1.0 &
S =)
— wn 1
w o
o | 10? . .
UT 11:10:00 11:20:00 11:30:00 42112 42114 42,116 42.118 100 1000 10000
M ohen £ 1221 11.98 Time after 11:22:42.11 Energy [eV]
- e .

Fig. 1: Observations of nonlinear whistler waves on Van Allen Probe B spacecraft on May 1, 2013 : (a,b) magnetic
and electric field spectrograms; (c) the ratio of parallel and perpendicular electron fluxes at different energies (see
text for details); (d) the average amplitude of the electric field fluctuations (averaged for <300 Hz fluctuations); (e,f)
waveforms of magnetic and electric fields captured during the period of enhanced electric field fluctuations; (g) one of
electric field spikes presented in panel (f); (h,i) electron pitch angle distributions observed during weak and intense
electric field fluctuations; (j) field-aligned phase space densities corresponding (h) and (i).

of full spectral matrices for 65 frequencies (logarithmically spaced from 3 Hz to 16 kHz for EMFISIS).

Figure [Il provides an example of these nonlinear processes. Panels (a) and (b) give the spectra of the
magnetic and electric field during a 20 minute interval. The red horizontal line in each of these panels
gives the electron gyrofrequency and the white line below it is half this frequency. Thus, the waves seen at
300 — 1000 Hz are lower band chorus. Panel (c) gives the flux ratio, defined as the average of the electron
number flux at the two lowest and two highest pitch angles divided by the 90 degree flux. Flux ratios of
2 — 4 (field-aligned flux two or four times greater than the 90 degree flux) are observed for ~ 1 keV electrons
between about 1120 and 1126 UT, while chorus waves were measured by the wave detectors. Panels (e), (f),
and (g) give the three components of the magnetic field in field-aligned coordinates while panels (h), (i), and
(j) give the same information for the electric field. The parallel components of the magnetic and electric
fields are in panels (g) and (j), respectively. In panel (j), it is seen that the parallel electric field is distorted
to produce periodic pulses of parallel electric field that are viewed in the expanded plot of panel (k). Panels
(1) and (m) give the electron pitch angle distributions before and during the time of the non-linearity. They
show that the 100 eV to 5 keV electrons (the green and yellow curves) became field-aligned as a result of this
non-linear interaction. Thus, this figure provides an example of the non-linear interaction between a chorus
wave and the electron distribution that results in a distorted parallel electric field (panel j) and field-aligned
acceleration of keV electrons by this distorted field (panel m)

Formation of TDS from the background fields and plasmas is discussed in (Agapitov et all, 2015b;
Drake et al), 2015; Vasko et all, 2015h). TDS structures are observed on the night side at L values of
~ 5 during perturbed conditions in the magnetosphere. They coincide with magnetic energy injections and
field-aligned currents and, sometimes, with injected particles, although injected particles may not frequently
penetrate to these L-shells. A statistical analysis will be performed to determine if a correlation between
field-aligned currents and TDS exists in the Van Allen Probe measurements. During the event reported by
(Mozer et al),2014) and by (Agapitov et all,2015h), whistler waves and TDS structures were simultaneously
present. Moreover, more detailed analyses have shown that these two types of structures can be phase cor-
related. This suggests that some TDS structures can be directly generated by wave-wave (as it was shown
by (Agapitov et all, 2015h)) and/or wave-particle interactions with whistlers and preliminary simulations
support such a hypothesis. Nonlinear whistler wave-wave and wave-particle interactions will be studied to
determine the role of these waves in the generation and evolution of TDS and modification of the particle
distributions. TDS generation may be related to the large amplitude whistler waves that are frequently



08:00:00—08:00:59 08:02:00-08:03:00

107 NG By
o poed i : T o
N > i wdad, Lo - . 'u > 91. eV
= i E 126. eV
o —— = B
S 7
10 i 1017 =
y ]
SRR W AR i Ge i g S e 0
— 1000 “‘ WIS L T e I || e ‘&
T ! " X /\
— [
~ 100 Vi 107 /A AN B
2 15860. eV
_ 10 |4 § 45 90 135 45 90 135
3, 10000 o [] o []
> 10177
$ 1000 _ i)
C -
w 5
& 2
& 100 E
I 100 R
— I
£ £
> A
z 10 a
— (%]
w a
0.1 10°
UT 07:55.00  08:00:00 080500  08:10:00 58.539 58.540 100 1000 10000
A 2.3 2.15 2.05 Time after 08:12:00 Energy [eV]
Lsnen 575 T 5.19 5.22

Fig. 2: Observations of field-aligned electron PADs conjugated with observation of TDSs on November 1, 2012. The
data format is the same as for Fig. 1.

observed in the outer radiation belt (Agapitov et all, 2014d). Preliminary studies have shown that such
whistlers are mainly very oblique with a significant parallel electric field component. This field can trap and
accelerate electrons (see (Artemyev et all, 2012d, 2013d) for details) and it can produce non-linear effects
on the wave (Kellogg et all, 2011; [Mozer et all, 2014). Such non-linear steepening of whistlers can further
manifest itself in growth of upper wave harmonics and strong localization in space with a consequent increase
of the parallel electric field perturbation. The statistics of large amplitude whistler waves with the statistics
of different types of TDS will be generated. PIC simulations (Drake et all, 2015) suggested that the parallel
electric fields of off-angle whistlers trigger the formation of intense bipolar electric field structures and double
layers.

An example of TDS and parallel electron acceleration is given in figure 2 from Van Allen Probe B
measurements on 2012 — 11 — 01 (panels are similar to those in figure 1). Field-aligned electrons with
energies as high as hundreds of €V are seen in the flux ratio plot of panel (c¢), while TDS, identified by the
broadband electrostatic noise, are observed in panel (b). The free energy source for the TDS and the field-
aligned electrons might be the field-aligned current and injections — such current systems are often observed
together with TDS (Malaspina et al), 2014; Malaspina et all, [2015). Examples of pitch angle distributions
before and during a TDS event are presented in panels (h) and (i), showing the field-alignment of 500-5000
eV electrons. It is noted, that the injected electrons did not have field-aligned distributions, which is evidence
that such distributions were made by the TDS. The parallel electric field of the TDS is shown in panel (f
(second plot from the bottom of the central figure) and the parallel magnetic field is given in panel (e
(third panel from the top of the central figure). The fine structure of the single TDS is shown in panel (g).
These plots show that the observed TDS are the electrostatic double layers with amplitudes of ~ 30 mV/m
in the parallel electric field component. TDS velocity is estimated to be about 3000 km/s. Statistics of
TDS distribution in the outer radiation belts and association with other phenomena of geomagnetic activity
(Malaspina. et all, 2014; [Malaspina. et all, 2015)

The role of TDS in the acceleration of thermal electrons is discussed in (Artemvev et all,2014; Vasko et _all,
2015a). The interaction of TDS with thermal electrons ((Artemyev et all, 2014) and (Mozer et all, [2014))
causes parallel electron acceleration to keV energies. This is important for developing the seed population
required for the further relativistic acceleration and TDS may thus be important for the dynamics of the
radiation belts. To test whether TDS provide this seed population, a systematic approach is planned, based
on statistics. The objective is to compare examples of the effect on thermal electrons of whistlers with
TDS, whistlers without TDS and TDS without whistlers. Such data will depend on time domain waveforms
collected and transmitted to ground. Time domain data is required because power spectra alone do not
provide sufficient information on the obliqueness of the whistlers or the type of TDS. For example, a low
frequency signal in the power spectrum could be due to TDS or to lower hybrid waves or to neither, so time
domain data is required.



High-time resolution measurements, such as those presented in Figure 1 and 2, have thus far been analyzed
during ~ 5 second bursts at a duty cycle of about 1% of the time from both the Van Allen Probes and
THEMIS. While this data provides a peek into the relevant processes, it is planned to obtain a microscopic
view of the physics by analyzing hours of continuous high time resolution plasma and field data from the
Van Allen Probes during night-time apogees in 2014 through 2015 and from THEMIS during dedicated high
data rate bursts of tens of minutes each in 2015 and 2016. Many of these burst collections will be done
in conjunction with the Canadian ground based array of auroral images in order to study the physics that
leads to particle precipitation and auroras. The apogee of the Van Allen probes passed through dawn and
to 2200 MLT by late summer of 2015. During this time interval, the apogee passed through the in-situ
local acceleration region near midnight, which is the locale of the largest TDS concentration. The electric
field instrument operated in the new mode in which continuous measurements at a sample rate of 16384
samples/second for 3 — 5 hour intervals were made to supplement the 5 second bursts. Similarly, during
2014 — 2015, tens of examples of seven minute bursts of plasma and field data were collected on THEMIS
at times of conjunctions between the satellite and one or more Canadian ground stations. Accordingly,
a systematic approach will be performed in which the high-time resolution observations gathered by the
Van Allen Probes and THEMIS will be subjected to theoretical interpretation, modeling, and computer
simulation.

The model of TDS interactions with thermal electrons has been developed in (Artemyev et all, 2014;
Vasko et all, [2015a) and the results reproduce the main features of particle dynamics obtained from the Van
Allen Probe measurements (figures 1 and 2). The multiple interactions with TDS affect mostly particles
below 1 keV but trapping effects can accelerate electrons to 10 — 20 keV.

The influence of TDS in relativistic electron acceleration and scattering is studied in (Mozer et all, 2014,
2015). Low energy electrons can be accelerated to relativistic energies by the two-step process of keV acceler-
ation by a small number of resonant interactions with TDS (Artemyev et al),2014) followed by whistler cy-
clotron resonance acceleration, as was shown experimentally and by a test particle simulation in (Mozer et all,
2014). A multi-case study of this two-step process will be carried out through a statistical analysis of electron
distribution function, TDS, and chorus wave parameters in TDS and whistler events in order to determine
the key factors controlling these dynamics. An important issue is the role of upper band whistlers because
the cyclotron resonance condition is satisfied by lower energy electrons as the wave frequency approaches
the electron cyclotron frequency. Upper band waves (with frequencies from 0.55 to 0.8 of the local electron
gyrofrequency) are generally assumed to be less intense than lower band chorus whistlers (with frequencies
from 0.1 to ~ 0.45 of the local electron gyrofrequency) but statistical studies of upper band chorus have
been limited by instrumental frequency responses (~ 4 kHz on Cluster and THEMIS). One of the proposed
tasks will be the detailed study of upper band whistlers to consider their occurrence frequency and role in
particle acceleration (on the Van Allen Probes the high rate time domain data has a frequency response
to 8 kHz.). Not considered in the two-step process of relativistic electron acceleration is the possibility
of additional acceleration by the Landau resonance with oblique whistlers (Artemyev et all, 2012d). This
mechanism requires a low threshold in electron energy (~ 2 — 10 keV) to satisfy the trapping conditions and
it can function efficiently to accelerate (up to 100 keV) and scatter electrons after their pre-acceleration by
TDS.

Observations by the Van Allen Probes have revealed nonlinear features of the ELF/VLF waves in the
outer radiation belt that can be important for particle diffusion and acceleration. The short review of
the recent publications dedicated to nonlinear wave-particles interactions is presented here. To conclude
it has been shown that during local night time at L ~ 5, multiple electric field bursts of short duration
(several hundred micro-seconds) and large amplitudes (up to 300 mV/m), called time domain structures
(TDS) (Mozer et all, 2013, 2015), are observed (Artemyev et all, [2014; Mozer et all, 2014) to correlate with
energetic particles having magnetic-field-aligned pitch angle distributions. Such TDS can provide the first
step (Artemyev et all, 2014; Vasko et all, [2015) in a two-step process that accelerates thermal electrons to
relativistic energies (Mozer et all, 2014). The second step in the process is perpendicular acceleration by
cyclotron resonance with whistlers. Thermal particles cannot be accelerated by such chorus waves because
they do not satisfy the resonance condition (see Section 1.2 for details). Injected particles may not penetrate
to the required depth for them to become a significant source of seed particles for the cyclotron (Mozer et al.,
2014) and/or the Landau resonance (Artemyev et all, 2012d). Because TDS acceleration leads to an increase
of the electron parallel velocity (see figure 3 in (Artemyev et all,[2014)) and because the whistler resonance
threshold depends on this parallel velocity, the TDS interaction makes it possible for thermal electrons to
be accelerated to relativistic energies through the chain of trapping (Mozer et all, [2014). The simultaneous
observations of whistler waves and TDS along with relativistic accelerated electrons provide clear evidence
that this two-step process is active. Additional evidence is that TDS are observed to accelerate electrons to
keV energies in the absence of whistlers and that whistlers alone do not accelerate electrons. These facts



imply that two steps are crucial for acceleration of electrons from thermal to relativistic energies.
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