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Abstract Using measurements from the Van Allen Probes, we show that field-aligned fluxes of
electrons energized by dispersive Alfvén waves (DAWS) are prominent in the inner magnetosphere during
active conditions. These electrons have preferentially field-aligned anisotropies from 1.2 to >2 at energies
ranging from tens of electron volts to several kiloelectron volts (keV), with largest values being coincident
with magnetic field dipolarizations. Comparisons reveal that DAW energy densities and Poynting fluxes
are strongly correlated with precipitating electron energies and energy fluxes and also O* ion outflow
energies. These observations yield empirical inner magnetosphere relations between the DAW and electron
inputs and the O* ion outflow response, providing important constraints for models. They also suggest
that DAWSs play an important role in enhancing field-aligned electron input into the ionosphere that
facilitates the outflow and subsequent energization of Ot ions in the wave fields into the

inner magnetosphere.

Plain Language Summary We use satellite observations in the inner magnetosphere to study
field-aligned electrons at kiloelectron volt energies and below. These electrons are invariably coincident
with intense low-frequency electromagnetic waves called dispersive Alfvén waves (DAWs), which are
prevalent during substorms and geomagnetic storms. Given that DAWs have parallel electric fields
known to accelerate electrons, their simultaneous occurrences indicate that these waves are accelerating
the electrons in the equatorial inner magnetosphere. Indicative of energization and heating in DAWS,
the energies, number fluxes and energy fluxes of earthward-moving electrons are observed to increase
with increasing DAW Poynting fluxes and energy densities. Given the ability of electron precipitation and
DAWs to drive and produce energized ion outflow, we also tested for and demonstrated that oxygen ion
outflow energies are strongly correlated with the electron and wave energy fluxes. Least squares fits yielded
empirical relationships between the DAW, electron, and oxygen ion outflow characteristics, providing
important constraints for models of plasma transport in the magnetospheric-ionospheric system. Owing
to their persistent occurrence during active conditions and field-aligned sense, these wave energized
electrons are expected to affect the growth and spatial distribution of other waves known to impact inner
magnetosphere source and loss processes.

1. Introduction

Observations indicate that intense broadband Alfvénic fluctuations are prevalent in the active inner magne-
tosphere (e.g., Chaston, Bonnell, Kletzing, et al., 2015; Hull et al., 2019), with energy densities that are most
intense during storms. Having wavelengths transverse to the magnetic field that extend below the ion gyro-
radius, these waves are dispersive in nature and are in the kinetic Alfvén wave regime. Though short across,
these waves have wavelengths that are globally extended along the magnetic field and have waveforms that
often exhibit interference signatures due to ionospheric reflection, which at times have characteristics of
field line resonances or kinetic Alfvén eigenmodes of the geomagnetic field (Chaston et al., 2014). Owing to
their global field line nature and often ionospheric connection, these waves are more accurately referred to
as dispersive Alfvén waves (DAWS).
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Alfvén waves play an important role in coupling the magnetosphere to the ionosphere via field-aligned
currents, which act as conduits for plasma and wave energy flow and exchange between these disparate
regions. At dispersive scales, Alfvénic fluctuations have an electric field component parallel to the back-
ground magnetic field. The time-variable currents associated with these fields can dissipate their energy
into field-aligned electron heating and acceleration within the inner magnetosphere and all along the
field line into the ionosphere (e.g., Chaston, 2006; Damiano et al., 2018; Hull et al., 2016). The resulting
enhanced fluxes of precipitating electrons can drive multiscale Alfvénic aurora (Chaston et al., 2011; Wygant
et al., 2000) and ion outflow from the ionosphere into the magnetosphere (Strangeway et al., 2005). Such
energetic ion outflow can result from the synergistic action of DAW-enhanced “soft” electron precipitation
combined with acceleration across thin transverse scales of DAWs with sufficiently large perpendicular elec-
tric fields. There is mounting evidence suggesting the importance of DAWs in the production of energized
O" ion outflow into the magnetosphere (e.g., Chaston, Bonnell, Kletzing, et al., 2015; Chaston, Bonnell,
Wygant, et al., 2015; Chaston et al., 2016). Associations between DAWSs and ion outflow and field-aligned
electrons are ubiquitous and have been observed in the dayside cusp region (Chaston et al., 2005), night-
side plasma sheet boundary layer (Chaston et al., 2004; Wygant et al., 2002), in fast flows in the magnetotail
(Chaston et al., 2012), and in the inner magnetosphere (Chaston et al., 2014; Malaspina et al., 2015), par-
ticularly during geomagnetic storms (Chaston, Bonnell, Kletzing, et al., 2015; Moya et al., 2015). In the
inner magnetosphere intense DAWs have been observed coincident with energized field-aligned counter-
streaming electrons (at a few keV energies and below) and ion outflow approaching tens of kiloelectron
volts (e.g., Chaston, Bonnell, Wygant, et al., 2015; Hull et al., 2019). Correspondences between earthward
Alfvénic Poynting fluxes and O* outflow deep in the inner magnetosphere have been observed (Gkioulidou
et al., 2019). Correlations between DAW energy densities and outflowing O* energies and energy densi-
ties have also been reported (Hull et al., 2019). Using particle tracings, Chaston et al. (2016) demonstrated
that the action of nonadiabatic particle motion in the thin fields of DAW field line resonance structure can
explain the O* outflow energies observed in the equatorial inner magnetosphere. While these prior stud-
ies have provided evidence of the connections between DAWS, field-aligned electrons, and ionospheric O*
outflow, important details of those relationships remain obscure.

This paper addresses the properties of <1keV field-aligned electrons in the inner magnetosphere, their
relationship to the energy content of DAWSs and O outflow, and how these electrons depend on the magne-
tospheric activity measures AE and Sym-H. Through detailed analysis of case and statistical data from the
Van Allen Probes mission, we show that fluxes of field-aligned electrons are strongly enhanced in the inner
magnetosphere during active geomagnetic conditions. We show for the first time that characteristic energies
and energy fluxes of earthward-directed field-aligned electrons are strongly correlated with DAW energy
densities and Poynting fluxes in the inner magnetosphere. We also show for the first time that outflowing
ionospheric Ot energies are strongly correlated with the downgoing field-aligned electron characteristic
energies and energy fluxes and DAW Poynting fluxes. These correlated data are used to quantify empirical
scaling relations between the DAW and electron inputs and the O™ ion outflow energy response.

2. Results
2.1. Case Study

Figure 1 shows plasma and field data from the Van Allen Probes (denoted SC-A and SC-B) during an intense
storm that commenced on 28 June 2013. This event was reported in an earlier study, which was focused
on relationships between DAWSs and ion outflow and energy densities (Hull et al., 2019). Here, we examine
spatial and temporal interconnections between DAW activity and electrons in the inner magnetosphere. This
storm has a minimum Sym-H value of —111 nT and is associated with AE peaking at 1,500 nT (2,400 nT)
during the main (recovery) phase (see Figures 1a and 1b). Figure 1 shows roughly 2.5 orbits of data from
SC-A and SC-B that span the main to early recovery phases of the storm indicated by the red and green bars
at the top of Figure 1c. SC-B trails SC-A by roughly 3 hr and with apogee in the premidnight sector (see L
values and magnetic local time [MLT] in Figures 1s and 1t).

Both spacecraft traverse the plasma sheet multiple times in the focus interval. Omnidirectional electron
energy spectra from the Helium Oxygen Proton Electron (HOPE) instrument (Funsten et al., 2013) are
shown in Figures 1c and 1k for SC-A and SC-B, respectively. The plasma sheet electrons correspond to the
intense (red) energy flux signatures from a few to tens of keV energies in Figures 1c and 1k. From spacecraft
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Figure 1. Van Allen Probes SC-A and SC-B data for the 28 June 2013 storm. Shown are (a) Sym-H and (b) the AE index. Zoomed in view of (c, k) electron
energy flux energy spectra, (d, 1) energy flux pitch angle spectra of 50-500 eV electrons, (e, m) electron anisotropy spectra, (f, n) electric and (g, o) magnetic field
energy densities, (h, p) electric and (i, q) magnetic field power spectral densities, and (j, r) identified DAW intervals for SC-A (c—j) and SC-B (k-r). Also shown
are (s) L and (t) MLT values for SC-A (blue) and SC-B (red).
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to spacecraft and orbit to orbit, this population varies considerably, with multiple energy flux intensifica-
tions occurring during the storm, associated with injections of hotter plasma into the inner magnetosphere.
Lower-energy electrons spanning broad energies from a few keV and below are also observed throughout
the plasma sheet region. These have a preferential magnetic field-aligned sense and usually appear in the
inner magnetosphere with counterstreaming signatures as indicated in the pitch angle spectra of 50-500 eV
electrons shown in Figures 1d and 11. The field-aligned nature and energy span of these electrons are dis-
cernible from the anisotropy spectra displayed in Figures 1e and 1m. The anisotropy is defined as the ratio
of field-aligned (average of 0-30° and 150-180° pitch angle ranges) and perpendicular (75-105°) electron
energy fluxes. The anisotropy spectra reveal that these electrons have preferential parallel anisotropies rang-
ing from 1.2 to >2 (yellow to red) in the interval. This population is easily distinguished from the plasma
sheet electrons, which are isotropic (green) near apogee or have preferential perpendicular anisotropy (blue
to black) at lower L-shell. The field-aligned electron maximum energies in the anisotropy spectra also have
variations that are correlated with the electric and magnetic field energy densities of intense long-duration
bursts of low-frequency waves identified as DAWs in the study by Hull et al. (2019). The electric and magnetic
field energy densities are displayed in Figures 1f and 1g for SC-A and Figures 1n and 1o for SC-B. These were
derived from electric and magnetic fields measured from the Electric Field and Waves (EFW) instrument
(Wygant et al., 2013) and the Electric and Magnetic Field Instrument Suite and Integrated Science (EMFI-
SIS) instrument (Kletzing et al., 2013), respectively. Following Hull et al. (2019), the wave energy densities
are shown in two frequency ranges, with black spanning both the nondispersive and DAW frequency ranges
(0.02 to 16 Hz) and red the dispersive range (0.2 to 32 Hz). Electric and magnetic field power spectral densi-
ties are shown in Figures 1h and 1i for SC-A and Figures 1p and 1q for SC-B, respectively. Intervals attributed
to DAWSs are indicated by the unity values in Figures 1j and 1r for SC-A and SC-B, respectively. These inter-
vals were determined using an automatic procedure that detects Doppler shifted DAWs in the frequency
range from 0.01 < fy- <20 Hz via the E, /B, ratio characteristics (Chaston, Bonnell, Kletzing, et al., 2015).

To further examine relationships, Figure 2 shows electron and wave data from SC-B in a zoomed in inter-
val encompassing one of the plasma sheet transects in Figure 1. Field-aligned electrons, at a few keV and
below, appear throughout the interval indicated by the yellow to red enhancements in electron anisotropy
in Figure 2c. The highest energies occur in association with magnetic field dipolarizations indicated by
sharp increases in the inclination angle (6;,. = tan™"[Bggy,/(Bggyy +BéSMy)l/ 2]) shown in Figure 2k.
Figures 2d-2f, respectively, show the characteristic energy (defined as the energy flux divided by the number
flux), number flux, and energy flux of the low-energy, wave accelerated electrons at pitch angles & < 90° (i.e.,
propagate downward toward the Northern Hemisphere). These quantities were computed from moments
of the pitch angle distribution over the electron energies associated with energy flux anisotropies >1.2. For
context, the characteristic energy is indicated by the black curve in Figure 2c.

To compare, Figures 2g and 2h present electric and magnetic field energy densities in the two frequency
bands, and Figure 2i gives the parallel Poynting flux. The unity values in Figure 2j verify that the enhanced
wave activity in the interval is due to DAWs. Comparisons suggest that the variations in the electron quan-
tities (particularly the characteristic energy and energy flux) are strongly correlated with the DAW electric
and magnetic field energy densities and the parallel Poynting flux.

To quantify relationships, Figures 3a and 3b show the electric field energy densities U of Alfvén waves
at dispersive scales (at frequencies above 0.2 Hz) as function of the characteristic energies E* and energy
fluxes &, of the downgoing field-aligned electrons sampled by SC-B in all identified DAW intervals shown in
Figure 1r. Strong positive correlations are apparent, with coefficients of r = 0.54 and r = 0.62 found for log
space data quantities shown in Figures 3a and 3b, respectively. A log space linear regression analysis, with
errors in both the dependent and independent variables (Press et al., 1996), was applied to data averaged
in equally spaced log, ,(Uy) bins (red dots). The log space fits to log,,(y) = mlog,;,(x) + b, with m being the
slope and b the intercept, take the form of a power law y = cx™ in “true” space, where ¢=10°. Thus, the
analysis yielded the power law relations E®* = 10*1203y%36010 and g, = 104+1£03y233+010  regpectively.
A strong positive correlation (r=0.63) is also shown in Figure 3c, which compares field-aligned electron
energy fluxes with parallel Poynting fluxes S of Alfvén waves at dispersive scales (frequencies above 0.2 Hz).
Only S, associated with magnetic fields above an estimated noise floor of 0.15nT are shown. Regression
analysis yielded the relation &, = 1021*0-3§9-34£021 Thege empirical relationships are a quantification of
electron acceleration via parallel electric fields in the DAWs present in the interval and noted in prior studies
(e.g., Chaston, Bonnell, Wygant, et al., 2015).
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Figure 2. Data from SC-B in zoomed in interval. Shown are the (a) electron energy flux energy spectra, (b) energy flux pitch angle spectra of 50 to 500 eV
electrons, (c) electron anisotropy spectra, the (d) characteristic energy, (e) number flux, (f) and energy flux of downgoing low-energy electrons, (g) electric and
(h) magnetic field energy densities, (i) downgoing parallel Poynting flux, (j) identified DAW intervals,(k) magnetic field inclination angle, (1) L-shell, and (m)
MLT. The black vertical lines indicate example magnetic field dipolarizations. The black curve in (c) is the low-energy electron characteristic energy.

To examine electron and ion relationships, Figures 3d and 3e show outflowing O* ion peak energies E,.
versus field-aligned electron characteristic energies and energy fluxes, respectively. Both comparisons show
strong correlations with coefficients of 0.63 and 0.57, respectively. Values for E., initially reported by Hull
et al. (2019), are determined as the energy at the peak ratio between antiparallel (150° <a< 180°) and
perpendicular (75° <a< 105°) O* flux spectra associated with an identified outflowing beam. A strong
positive correlation (r =0.67) between the outflowing O* peak energies and the DAW parallel Poynting
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Figure 3. (a—f) Data from SC-B for identified DAW intervals in the 28 June 2013 storm interval in Figure 1. Compares Uy with downgoing DAW accelerated
electron (a) characteristic energies and (b) energy fluxes and (c) DAW parallel Poynting fluxes with downgoing DAW accelerated electron energy fluxes.
Compares O outflow energy with downgoing DAW accelerated electron (d) characteristic energies and (e) energy fluxes and (f) DAW parallel Poynting fluxes,
respectively. (g-i) SC-B data for identified DAW intervals spanning from 11 November 2012 to 31 December 2013. Compares Uy with downgoing DAW
accelerated electron (g) characteristic energies and (h) energy fluxes and (i) DAW parallel Poynting fluxes with downgoing DAW accelerated electron energy
fluxes. Red dots and bars in each plot show log space bin averages and standard deviations. The red solid lines show linear fits. Correlation coefficients and 99%
confidence low and high limits are listed above each panel. Since the low and high confidence limits do not bound 0, the correlations shown are statistically

significant.
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Figure 4. (a) Sym-H, (b) AE index, downgoing low-energy field-aligned electron (c) characteristic energy, (d) number flux, and (e) energy flux, downgoing hot
electron (f) characteristic energy, (g) number flux, and (h) energy flux, energy densities of (i) electric and (j) magnetic fields above 0.02 Hz, (k) Poynting fluxes

above 0.02 Hz, and (1) DAW intervals. The red horizontal line in (a) indicates the —50 nT storm Sym-H threshold, while the black dashed line gives the full year
median value (-7 nT). Vertical dotted lines indicate select peaks in AE during nonstorm (blue) and storm (red) conditions.
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fluxes is also demonstrated in Figure 3f. Regression analysis yielded the relations E, = 10722051 f¢h1.0:0.2,
Eg+ = 1018202£0424008 and F,, = 102‘910‘1S?"SSJ—'O'O5 for data shown in Figures 3d-3f, respectively.

2.2. Statistical Correlations and Temporal Variations Over a Range of Conditions

To examine statistical correlations over a range of conditions, Figures 3g and 3h compare DAW accelerated
downgoing electron energies and energy fluxes with the electric field energy densities at dispersive scales
for all identified DAW intervals in 1 min data samples from SC-B spanning from 11 November 2012 to 31
December 2013. As shown below, the DAWSs are characteristic of substorm and storm time conditions. The
comparisons in Figures 3g and 3h reveal positive correlations with coefficients of 0.54 and 0.47, respectively.
Regression analysis applied to bin-averaged data (red dots) shown in Figures 3g and 3h yielded the rela-
tions E* = 1038020312095 and &, = 103204U)***%% respectively. Comparisons between field-aligned
electron energy fluxes and DAW parallel Poynting fluxes in Figure 3i also reveal a relatively weaker, but
statistically significant, correlation with a coefficient of r =0.38 and 99% confidence interval of r,,, =0.34,
ry; = 0.42. Fits to the bin-averaged data yielded the relation &, = 10'7+025]4**0%, Within the errors, these
results are consistent with the single event statistics presented in Figures 3a-3c, demonstrating the robust-
ness of the empirical relations determined from DAW and electron observations over varied magnetospheric
conditions.

To examine the long time behavior of field-aligned electrons in relation to DAWs and activity measures,
Figure 4 shows roughly 6 months of data from SC-B sampled every minute from 6 February to 5 August
2013. This is the same time interval used in the study by Hull et al. (2019), who reported Ot and Alfvén wave
energy density correlations with Sym-H and the AE index. During this interval apogee precessed westward
from ~2.5 to ~19.5 MLT, which spans the midnight and dusk sectors of the inner magnetosphere. This inter-
val contains several storms and substorms, as indicated by Sym-H extending below —50 nT in Figure 4a and
AE > 300nT in Figure 4b, respectively. Figures 4c-4e show the characteristic energies, number fluxes, and
energy fluxes of DAW energized field-aligned electrons moving toward Earth's northern ionosphere, respec-
tively. These electrons occur at virtually all periods with AE > 300 nT, as evidenced by coincident sizable
increases in their characteristic energies, number fluxes and energy fluxes. As a guide, vertical dotted lines
are given in Figure 4 at peaks in AE 2> 300 nT coincident with DAW activity (unity values in Figure 41). The
lines are color coded, with blue and red indicating nonstorm and storm (main to recovery) time conditions,
respectively. The data reveal that DAW energized field-aligned electrons are a characteristic feature of the
inner magnetosphere during substorm active periods. With the largest values occurring during magnetic
storms, these electrons have downgoing energies ranging from tens of electron volts to a few kiloelectron
volts and have number and energy fluxes extending to several #/cm?s and a few thousand pW/m?, respec-
tively (see Figures 4c-4e). Indicative of their energization mechanism, the enhanced field-aligned electrons
are collocated with the electric and magnetic field energy densities and parallel Poynting fluxes carried by
Alfvén waves, which are shown in Figures 4i-4k. The electric and magnetic field energy densities and Poynt-
ing fluxes associated with Alfvén waves at nondispersive to dispersive scale (e.g., above 0.02 Hz) also tend
to have largest values at storm time substorms with peak values reaching >1072 eV/cm?, 210° eV/cm?3, and
>500 pW/m?, respectively. Hot plasma sheet electrons show similar but much stronger enhancements in
the number and energy fluxes that are collocated with non—storm and storm time substorm active condi-
tions (Figures 4f-4h). We attribute such enhancements to the injection of hotter and denser plasma sheet
electrons to the inner magnetosphere.

3. Discussion

These empirical relations quantified from inner magnetosphere measurements for the first time indicate
that the factors that impact ion outflow are operative therein. Though the power index values are not fully
understood, these relations are consistent with the scenario where the Ot ion outflow is controlled by
the combined action of DAW energized electron precipitation and DAW transverse energization along the
field (Chaston et al., 2016). Though analogous, these scaling relations differ from relations determined at
much lower altitudes in the dayside auroral/cusp region by Strangeway et al. (2005) and Zheng et al. (2005).
Both studies showed positive correlations between ion outflow fluxes and very low frequency/quasistatic
(denoted as direct current, DC) Poynting fluxes, but ion and electron energy fluxes showed weak to no corre-
lation. Though ion fluxes were not addressed here, the strong positive correlations between O* energy and
both low-energy electron energy and DAW Poynting fluxes may be indicative of correlations with O fluxes
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in the limit of nearly constant beam density. Our comparisons differ in that the measurements are from the
nightside, and we compare low-energy field-aligned electron contributions separated from more energetic
components, Alfvén wave quantities at dispersive scale, and Ot ion energies instead of ion fluxes, which
may explain trend differences. Also, the correlation between Ot energy and low-energy electron energy dif-
fers from results of Seo et al. (1997), who showed upflowing ion velocities (hence energies) in the topside
ionosphere are anticorrelated with soft electron precipitation energies. Our results are not necessarily con-
tradictory since the O* ion energies include the additional effects of substantial transverse ion energization
combined with magnetic mirroring and thus are not expected to have the same behavior.

Finally, we note that short-duration time domain structures (TDS) (Mozer et al., 2015) are often embed-
ded at higher frequencies within the lower-frequency DAWs (Chaston, Bonnell, Kletzing, et al., 2015). The
relative role of these modes in driving parallel electron acceleration and heating has not been established.
However, while field-aligned electron distributions are always observed in DAWSs, TDS are not. Moreover,
kinetic simulations demonstrate that DAW activity alone can reproduce observed energies and distribution
features (Damiano et al., 2018). A description of electron acceleration processes in TDS is provided by Vasko
et al. (2017).

4. Summary and Conclusions

We examined the properties of field-aligned electrons and their relation to DAW Poynting fluxes and energy
densities, and O* outflow in the inner magnetosphere. We showed that field-aligned fluxes of electrons
consistent with DAW energization are prominent in the inner magnetosphere during active conditions,
occurring at virtually every storm and substorm. These electrons are associated with enhanced DAW Poynt-
ing fluxes and energy densities and are accompanied by injections of enhanced fluxes of hot plasma sheet
electrons. During storm time periods, correlated energized electrons and DAW activity persist for large
fractions of a day over a large L-shell and azimuthal extent of the plasma sheet. These electrons have prefer-
entially field-aligned flux anisotropies from 1.2 to >2 at keV energies and below, with largest energies being
coincident with magnetic field dipolarizations. The downgoing low-energy field-aligned electron energies
and energy fluxes were shown, for the first time, to be strongly positively correlated with DAW electric
field energy densities and parallel Poynting fluxes in the inner magnetosphere. Peak O* outflow energies
were also shown to be strongly correlated with DAW Poynting fluxes and downgoing field-aligned electron
characteristic energies and energy fluxes. Regression analysis to single storm case and 12 month statistical
data yielded quantitatively consistent empirical inner magnetosphere relations between the DAW and elec-
tron inputs and the O ion outflow energy response, which can be used to test magnetosphere-ionosphere
transport models.

These results in combination with other reports (e.g., Chaston, Bonnell, Kletzing, et al., 2015; Chaston,
Bonnell, Wygant, et al., 2015; Chaston et al., 2016; Damiano et al., 2018; Hull et al., 2019) highlight the
important role played by DAWs in coupling the ionosphere to the magnetosphere via global field-aligned
energy transport and dissipation processes with important ramifications to magnetospheric structure and
dynamics. The results suggest that such processes are initiated and driven by injections in the equato-
rial magnetosphere. Owing to their persistent global nature in L-shell, azimuth, and along the magnetic
field during active conditions, the DAWs continuously energize electrons into the ionosphere, which facili-
tates O* upwelling from the topside ionosphere while also driving multiscale Alfvénic aurora. Subsequent
nonadiabatic transverse acceleration in DAW electric fields combined with the magnetic mirror force yield
energized ion outflow in the inner magnetosphere that contributes to plasma sheet and ring current pop-
ulations and strongly impact their structure and dynamics. The pervasive enhancement of electrons up to
several keV by DAWs during active magnetic conditions almost certainly impacts the growth and distribu-
tion of other wave modes, such as oblique whistlers (e.g., Artemyev et al., 2016) known to impact outer
radiation belt sources and losses. While not quantified in this study, the extent to which DAWs and asso-
ciated energized electrons (and also ion outflow) impact the occurrence and spatial distribution of other
attendant modes is an important outstanding problem that will require additional statistical studies, which
we leave for future work.
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