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Accurate knowledge of the plasma fluxes in the inner magnetosphere is essential for both scientific
and programmatic applications. Knowledge of the low-energy electrons (~10s-100s eV) in the
inner magnetosphere is particularly important since these electrons are acted upon by various
physical processes, accelerating the electrons to higher energies, and also causing their loss.
However, measurements of low-energy electrons are challenging and as a result this population has
been somewhat neglected previously. This study concerns observations of low-energy electrons
made by the HOPE instrument on-board the Van Allen Probes satellites and also observations from
geosynchronous orbit made by the Magnetospheric Plasma Analyzer on-board Los Alamos
National Laboratory satellites. The fluxes of electrons from ~30 eV to 1 keV are quantified as a
function of pitch-angle, Mcllwain L-parameter, and local-time, for both quiet and active periods.
Results indicate two sources for low-energy electrons in this energy range: the low-energy tail of
the electron plasma sheet and the high-energy tail of the dayside ionosphere. These populations are
identified primarily as a result of their different pitch-angle distributions. Field-aligned outflows
from the dayside ionosphere are observed at all L-shells, during quiet and active periods. Our
results also demonstrate that the dayside electron field-aligned fluxes at ~30 eV are particularly

strong between L-values of 6 and 7, indicating an enhanced source within the polar ionosphere.

2
This article is protected by copyright. All rights reserved.



1. Introduction

Measurements of the low-energy (10s-100s eV) electron population in the inner magnetosphere are
challenging. This is largely due to the combined effects of (i) surface charging that results in a net
charge on orbiting satellites [DeForest, 1972; Garrett, 1981; Farthing et al., 1982; Lanzerotti et al.
1998; Thomsen et al. 2013], (ii) photoelectrons and secondary electrons that may be trapped in
potential wells around the satellite, and (iii) the effects of penetrating radiation that can obscure
observations of low-energy particles. In the inner magnetosphere all of these issues make it
difficult to determine the ‘real’ electron population. For a negatively charged spacecraft, ambient
electrons that have energies below the surface potential of the spacecraft are not detected since they
are repelled from the on-board detection instrumentation. Conversely, electrons that are detected
may be from photoelectrons, secondary electrons, electrons accelerated towards the satellite due to
a positive spacecraft potential, or from false counts due to penetrating radiation. Distinguishing the

ambient electron population from these combined effects is not trivial.

As a result of these issues the dynamics and evolution of the low-energy electron population in the
energy range of 10s-100s eV has been somewhat neglected in comparison with other
magnetospheric populations such as the bulk plasmasphere, the plasma sheet, the radiation belts,
etc. The situation is analogous to, and may be compared directly with, the study of low-energy ions
in the magnetosphere - previously termed the “hidden ion population of the magnetosphere”
[Olsen, 1982; Olsen et al., 1985]. This low-energy ion population (that is also challenging to

measure due to charging issues) has recently received renewed attention, and as a result, a better

3
This article is protected by copyright. All rights reserved.



appreciation of its role in global magnetospheric dynamics [Chappell et al., 2008; Sarno-Smith et
al., 2015; Denton et al., 2016b]. It is hoped that the work in this current paper contributes to a
similar advancement in understanding the low-energy electron population. Low-energy electrons
are of particular importance to magnetospheric system-dynamics due to their role in modulation of
wave-growth in particular, and wave-particle interactions in general [Thorne and Horne, 1994; Bell

et al., 2002; Bortnik et al., 2007; Li et al., 2010].

Outflow from the sunlit low-latitude ionosphere results in the formation of the plasmasphere; a
mixture of electrons and ions with a characteristic energy of ~1 eV, that exists on co-rotating
magnetic field lines [Storey, 1953, Gringauz et al., 1960, Carpenter, 1963, Chappell et al., 1971,
Chappell, 1972, Carpenter and Park, 1973; Chappell et al., 2008]. In contrast, the auroral
ionosphere is heavily influenced by particle precipitation in addition to solar EUV. This results in
additional outflow (and energization) of electrons and ions onto convecting magnetic field lines,
both on the dayside and the nightside; energies from a few tens of eV are typical for electrons
although the most energetic electrons may reach low keV energies [Johnstone and Winningham,
1982; Teste et al., 2007]. It has been shown that downward currents are carried by the field-
aligned electrons [Klumpar and Heikkila, 1982] and on the nightside outflowing electrons provide
one important source of matériel for the tail plasma sheet. The other source for the plasma sheet is
the entry of ions and electrons into the magnetosphere from the solar wind. A range of studies have
previously reported electrons in the magnetotail with energies of ~10s to ~100s eV (e.g. Christon et
al. [1991], Zwolakowska et al. [1992]). The electrons (and ions) that form the nightside plasma

sheet are delivered into the inner magnetosphere by magnetospheric convection and energies
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around 1 keV are common at GEO [Thomsen et al., 1998a; Korth et al., 1999; Friedel et al., 2001;
Denton et al., 2005; Lavraud et al., 2005; Henderson et al., 2015; Denton et al., 2016a]. Such
observations are consistent with the adiabatic energization of a lower-energy population of

electrons that is convected Earthwards.

Hence, there are (at least) two sources for electrons with energies ~10s-100s of eV. Firstly, the
high-energy tail of the thermal ionospheric population (cf. Klumpar and Heikkila, 1982; Li et al.,
2010) and secondly, the low-energy tail of the warm plasma sheet population (cf. Christon et al.
[1991], Denton et al. [2005; 2015]). Recent work by Li et al. [2010] has demonstrated that
electrons with energies ~100 eV pervade the magnetosphere, and are found both inside and outside
the plasmasphere. It should also be noted that when discussing the spectral characteristics of the
electron population in the central plasma sheet, Christon et al. [1991] found that the ratio of the
cold population (energies from ~30 eV to ~1 keV) to the warm component (energies greater than
~1 keV) was ~0.4 (in terms of electron number density). In 12% of cases they studied, the cold
electron density was more than twice the density of the warmer components. Clearly, the lower
energy electron population has the potential to play an important role in the magnetosphere and

there is a need to better understand its morphology and dynamics.

The ultimate aim of this study is to document the characteristics of the low-energy electron
population in the magnetosphere under a range of different conditions. In addition, we hope to
shed light on the origins of this population. The potential importance of low-energy electrons

within the larger complex and coupled magnetospheric system is emphasized [cf. Denton et al.,
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2016b]. Since the system exhibits non-linear effects such as feedback and time-lag dependencies, it
is essential to have physical knowledge (and understanding) of all system-components in order to
fully understand the global system dynamics. We use data from the NASA Van Allen Probes
(formerly Radiation Belt Storm Probes) mission [Mauk et al., 2013] and from Los Alamos National
Laboratory (LANL) satellites in geosynchronous orbit [Bame et al., 1989] to explore the spatial and
pitch-angle distributions of electrons between L=2 and L=6.6. Our analysis is concentrated on
electrons with characteristic energies from ~30 eV to ~1 keV although the populations both below

and above these energies are also discussed.

2. Data Analysis

The main dataset used in the analysis is that originating from electron measurements made by the
Helium Oxygen Proton Electron (HOPE) plasma spectrometer [Funsten et al., 2013; Spence et al.,
2013] on board the Van Allen Probes satellites. HOPE is a spherical electro-static analyzer that

measures the electron distribution between ~1 eV and 50 keV.

Since the analysis in this paper is specifically aimed at low-energy electrons, it is critical that
surface charging on the spacecraft is low, that the effects from photoelectrons and secondaries are
minimized, and that penetrating background radiation is mostly negligible, in order that the
instrumentation reports fluxes based on the conditions in orbit. A large effort was made in the
design of the satellite platform and in the choice of materials used in construction, in order to

minimize the build up of surface charge on the spacecraft, to prevent localized potential wells, and
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to inhibit the effects of penetrating background radiation [Kirby et al., 2013]. This effort was
supplemented by pre-launch environmental tests that demonstrated the platform would have a very
low susceptibility to surface charging once on orbit [Kirby et al., 2013]. The level of spacecraft
charging can be estimated from the Electric Fields and Waves (EFW) instrument onboard Van
Allen Probes [Wygant et al., 2014]. A recent study of spacecraft potential on Van Allen Probes
using data from-Feb 2013 to April 2015 revealed that during the vast majority of the mission the
platform charged to a slightly positive level between 0 and 10 Volts. The instances where the
satellite charged to a potential below -50 V were <<1% of the total [Sarno-Smith et al., 2016].
Hence, given the statistical nature of this study, times when spacecraft charging will statistically
affect the HOPE electron observations (where millions of points are considered) are negligible.
However, to exclude these instances from the analysis we use the charging data from the Sarno-
Smith et al. [2016] study (a combination of ion-line observations from HOPE and observations
from the Electric Fields and Waves (EFW) instrument [Wygant et al., 2014]) - all data where

satellite potential falls below -30 V are omitted.

In the current study all available pitch-angle-resolved electron observations made by Van Allen
Probes B, from 13th Oct 2012 to 7th Apr 2015, are utilized for statistical analysis. Since the
energies of the 72 channels on the HOPE instrument are not fixed, initially all data are assigned to a
grid that i1s fixed in energy with 72 energy bins, each evenly spaced (logarithmically) evenly in
energy, from 1 eV to 79 keV [cf. Denton et al., 2016b]. This energy coverage spans the entire

range (and beyond) of the HOPE instrument.
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3. Results and Discussion

Figure 1 contains plots of the probability distribution of the omni-directional electron flux
measured by Van Allen Probes B at six energies (~33, 53, 118, 222, 576, and 1087 eV) and all L-
values, between Oct 2012 and May 2016. In general the occurrence at each energy is peaked at a
particular value of the flux, with higher fluxes more likely at lower energies. However, it is also
evident that the probability distributions are not normally distributed. There is evidence (e.g. the
'shoulder’ to the right of the peak flux) that these distributions are superpositions of (at least) two

distinct electron populations.

Figure 2 shows a more complete picture of the omni-directional electron flux at two energies (32.98
eV and 1087 eV) as a function of magnetic local time (MLT) and the Mcllwain L parameter. Each
individual data point measured between Oct 2012 and May 2016 binned into a grid of 24 local time
bins (1 hour width) and 24 bins in L-value (0.25 width). The flux at 1087 eV (top panel) is well-
ordered with the highest flux values evident at L values greater than ~4, predominantly on the
nightside. The flux at 32.98 eV (bottom panel) is also well-ordered with higher fluxes evident both
at L values less than ~2.5, mostly on the dayside, and at L values greater than ~4.5, also on the
nightside. It should be noted that upon investigation at both energies there appear to be
occasionally fluxes between L values of 1 and 2, at all local times. Investigation reveals that
although HOPE is designed to be largely insensitive to penetrating background fluxes, at these
altitudes, highly energetic particles (likely relativistic protons) are penetrating the HOPE instrument

and causing false electron counts. For the statistical results shown in Figure 2 the effect of the
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penetrating background is just evident between L~1.25-1.50 at 1087 eV. At 32.98 eV the increased
fluxes due to background are negligible compared to the ambient flux, on both dayside and

nightside.
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Figure 1. The probability distributions of the omni-directional electron flux (s* cm™ ster” kevV™!)
at six energies from ~30 eV to ~1 keV based on all RBSP-A fluxes between Oct 2012 and May
2016. The distribution at each energy shows evidence that the distributions are comprised of a
superposition.of more than one single electron population.
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Figure 2. The logarithm of the omni-directional electron flux (s* cm™ ster™ keV™ ) is plotted as a

12
This article is protected by copyright. All rights reserved.



function of magnetic local time (MLT) and L at 32.98 eV (top panel) and at 1087 eV (bottom
panel). Each datapoint measured by HOPE on RBSP-A from 13th Oct 2012 to 30th May 2016 is
plotted and hence considerable overlap of points occurs in these plots. Note: at both energies,
from L=1-2, there is evidence of elevated fluxes at all local times. This is more evident ~1 keV
where the absolute magnitude of the fluxes is lower.
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In order to provide comparisons with independent electron observations, at greater distances from
the Earth than those sampled by NASA/Van-Allen-Probes, the HOPE data are supplemented by
electron measurements from Magnetospheric Plasma Analyzer (MPA) instruments on seven Los
Alamos National Laboratory (LANL) satellites in geosynchronous orbit (GEO). The complete
LANL/MPA dataset spans over two full solar cycles (1989-present). Here the analysis is based on
data taken between 1989 and 2007. A full description of the LANL/MPA instrument can be found
in Bame et al. [1993], with a detailed discussion of the individual spacecraft detector efficiencies,
corrections for spacecraft surface charging, instrument background estimations, etc., presented by

Thomsen et al. [1999].

Previous investigation of the averaged electron (and ion) fluxes at GEO, derived from the
LANL/MPA dataset may be found in Thomsen et al. [2007]. In that study the electron and ion
fluxes, over more than a full solar cycle, were averaged in order to determine the variability of
fluxes as a function of activity, solar-cycle, etc. Figure 3 contains plots of the averaged flux
measured by LANL/MPA, as a function of Kp and local time, at four energies (~64 eV, ~110 eV,
~540 eV and ~1220 eV). The Kp index is used since it has previously been demonstrated to be a
good proxy for the level of magnetospheric convection [Thomsen, 2004] and provides a good
description of the access of plasma sheet plasma to GEO [Korth et al., 1999; Friedel et al., 2001].
Intervals where the magnetopause was located inwards of GEO are excluded from the current

analysis [cf. Denton et al., 2005; 2012].

The average spacecraft charging levels for the LANL/MPA satellites as a function of Kp, Dst, solar
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wind velocity, and local time, have been documented by Denton et al. [2012; 2016a]. In addition,
an extensive analysis of surface charging on the LANL satellites and its relationship with electron
temperature can be found in Thomsen et al. [2013]. Two points are worthy of note. In times of
eclipse the surface charge on the LANL satellites can drop below -1000 V although this is routinely
corrected for in the analysis code and flux determination [Thomsen et al., 1999]. Here, to be as
certain as-possible that charging-related effects are minimized, we restrict our analysis to intervals
where the level of spacecraft surface charging is low (> -40 V), and thus to intervals when the
effects of secondary electrons will be minimized for the energies under investigation [Thomsen et
al., 1999]. Secondly, over 14 million individual measurements of the flux provide the raw data for
each of the plots shown in Figure 3. The mean values thus provide a robust determination of the
average spatial variation of the fluxes around GEO (in LT), and the variation of the fluxes with the
strength of magnetospheric convection. However, the mean fluxes do neglect temporal variations,
which are known to be significant, particularly during disturbed conditions. (Note: fluxes at GEO
at any energy, any local time, and any value of either Kp or solar wind electric field, can be

estimated by the flux models of Denton et al. [2015; 2016a]).

The plots in Figure 3 demonstrate that at GEO the electron population at energies ~10s eV, up to
typical plasma sheet energies, are very similar in character, since the four plots all have very similar
features. Specifically, the fluxes increase with enhanced magnetospheric convection (Kp index)
and have strong variations with local time. The most prominent feature is the deep minimum in
fluxes (at all energies) that occurs in the afternoon sector (for low values of Kp) and close to noon

(for elevated Kp intervals). Previous work has shown that this feature can be explained by
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consideration of particle drifts through the magnetosphere, and in particular the energy dependent
Alfvén boundaries [Thomsen et al., 1998b; Korth et al., 1999; 2001]. This minimum in electron
fluxes corresponds to the region occupied by low-energy (~few eV) ions of the plasmasphere, and
at the higher Kp values, the plasmaspheric plume [Denton and Borovsky, 2008; Borovsky and

Denton, 2008]. The similar morphology and appearance of the plots in Figure 3 confirm that the

fluxes at lower energies (~10s eV) at geosynchronous orbit are dominated by the lower energy tail

of the plasma sheet population, with a characteristic energy of a few keV (cf. Figure 1 and Figure

2).
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Figure 3. Plots of the averaged omni-directional flux (s* cm? ster! ev?') measured by

LANL/MPA, as a function of Kp and local time, at four energies (~64 eV, ~110 eV, ~540 eV and
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~1220 eV). Intervals where the magnetopause was located inwards of GEO, or where the
spacecraft surface charging level exceeded -40 Volts, are excluded from the analysis.

Earthwards of geosynchronous orbit, the HOPE observations provide information on the variation
in the low-energy electron flux in this region. Figure 4 shows a three-dimensional view of the
HOPE omni-directional electron observations at ~1 keV and ~33 eV, between Oct 2012 and May
2016, with the flux values projected onto the walls of the plot as a function of MLT, L-value and
the z-component of position in GSM coordinates, in order to reveal the latitudinal spread of the data
(left column : note: considerable overlap of points occurs in these plots). The energies of ~33 eV
and ~1087 eV are selected as representative of the high-energy tail of the ionospheric population,
and the plasma sheet population, respectively. The red circle and red dots in the figure indicate the
approximate locations of geosynchronous orbit at 6.6 Earth radii (Rg). The figure also contains
plots of the mean of the same flux data binned as a function of MLT and L-value (right column),
using a bin size of one hour in MLT and a bin size of 0.25 in L-value (in order to mitigate the

overlap of data plotted in the left column).

Studying Figure 4 (and Figure 2) it is clear that the electron fluxes are greatest in two regions.
Close to the Earth are high fluxes at ~33 eV across the dayside, which we attribute to outflow from

the nearest sunlit ionosphere: an ionospheric source of low-energy electrons. This interpretation is

supported by the local times where fluxes are elevated (just after sunrise to just after sunset). At L-
values between ~2-4 there is a minimum in the flux of electrons at this energy that deepens from
sunset (~18 MLT) through local midnight, into the post-midnight sector. This local time variation

IS consistent with an sunlit ionosphere source for electrons at these L-values, that is removed during
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darkness (as the lofted ionospheric supply of plasma to the plasmasphere ceases). At greater
distances from the Earth, the electron fluxes at ~33 eV are, in general elevated occur on the
nightside. These electrons are attributed to the low-energy tail of the plasma-sheet population: a

plasma sheet source of low-energy electrons.

At ~1 keV, high fluxes of electrons are measured in a ring close to the Earth at all local times, and
we interpret this feature as likely contamination from energetic protons. At greater distances from
the Earth the electron flux is greatest on the nightside, and this is consistent with expectations of
plasma sheet entry into the magnetosphere, with the elevated fluxes centered close to local

midnight in local time [cf. Korth et al., 1999; Denton et al., 2005].
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Figure 4. Observations of the omni-directional electron flux at ~33 eV and ~1087 eV (s™* cm™ ster”
! keV'), measured by the HOPE instrument onboard Van Allen Probes A between Oct 2012 and
May 2016. The flux level is denoted by the color and projected onto the walls of the plot as a
function of magnetic local time (MLT), L-shell, and the z-component of position in GSM
coordinates (left column). Note: considerable overlap of points occurs in the plots in the left
column. The figure also shows the same data binned as a function of MLT and L (right column) It
is clear that elevated fluxes occur primarily in two locations: close to the Earth and also in the
outer regions of the satellite orbit on the nightside.

To further investigate the electron populations Earthwards of geosynchronous orbit, and in
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particular to attempt to determine the origin of the low-energy electron population, the variation of
fluxes as a function of pitch-angle is analyzed. Close to local midnight, upon their entry and arrival
into the inner magnetosphere, plasma sheet electrons of a few keV are isotropically distributed in
pitch angle [Friedel et al., 2001; Denton et al., 2005]. As electrons are convected deeper into the
magnetosphere, drifting eastwards and westwards around the Earth, their pitch-angle distribution
becomes progressively more anisotropic (peaked at ~90°). This is likely due to the field-aligned
component being preferentially lost due to collisions resulting from their deeper penetration into the
atmosphere [Fok et al., 1991; Janev and Smith, 1993; Henderson et al., 2015; Denton et al.,
2016b], although wave-particle interactions (e.g. whistler-mode chorus waves) can also lead to
anisotropic distributions. By the time the electrons drift onto the dayside the distribution becomes
strongly peaked around 90°. In contrast, ionospheric-origin electrons that escape from the
collisionally-dominated atmosphere are preferentially field-aligned particularly during so-called
beam events where the broad distribution of accelerated electrons is typically ~100s eV (e.g.
Chaston et al. [2001]). Hence, the pitch-angle distribution of the electrons provides an excellent
tracer to determine the origin of these electrons, whether ionospheric or plasma sheet. Figure 5
shows the electron fluxes (in units of s* cm™ ster™ keV™*) around local midnight (22-02 MLT) and
local noon (10-14 MLT) at four energies (~33, 53, 222, 1087 eV) as a function of local pitch-angle
and L value. Note: no allowance has been made for latitudinal effects in these data - the aim is to
simply reveal a coarse picture of whether the distributions are predominantly field-aligned or
perpendicular. Also note no background subtraction has taken place for this analysis; however, at
low energies, the fluxes of the ambient population greatly exceed background levels. At higher

energies, the background is concentrated in the region close to the Earth (<L=2) (cf. Figure 2).
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The plots in Figure 5 show a strong diurnal variation at all energies. At ~33 eV (top row) the
highest fluxes around local midnight are found at L>4. In this region, the fluxes decrease and the
pitch angle distribution becomes more peaked around 90° in the region between L=3 and L=4 (the
slot region). This picture is consistent with (i) an ionospheric population of low-energy electrons
close to Earth, where the field-aligned component is largely absent during hours of darkness,
combined with (ii) a plasma sheet source of electrons from the outer magnetosphere, for which the
electrons at ~30 eV represent the low-energy tail of the full distribution. In contrast, around local-
noon the highest fluxes are observed to occur at lower L values (L~-1-2), and these elevated fluxes
are primarily seen at field-aligned pitch-angles.. Indeed, elevated fluxes are observed in the field-
aligned electrons at all L-values around local noon. These observations are consistent with (iii) an
ionospheric source of electrons that is field-aligned, and that is energized due to the incident solar
EUV flux'in daylight, combined with (iv) a source of field-aligned electrons at L>~6 that are likely
present due to energization processes acting upon thermal (ionospheric) electrons at high-latitudes.
(Note: a complete description of the evolution of the electron energy spectrum during storms in
terms of L, for ~keV to ~MeV energies, may be found in recent work also utilizing Van Allen
Probes data [Reeves et al., 2016]), At ~50 eV around local midnight, the fluxes are similar to those
~ 30 eV. However, on the dayside there is less evidence of a field-aligned population of electrons
at high-L-shells (>~6): the population is more isotropic. This observation adds strength to the
conjecture that whatever process is energizing electrons in the high-latitude region, the maximum
energization is, on average, ~50-100 eV, consistent with characteristic energies reported in the

literature (e.g. Chaston et al. [2001]; Cattell et al. [2004]; Teste et al. [2007]). The transition
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between this behavior and that observed at higher energies occurs ~100 eV. At ~200 eV and ~1
keV the highest fluxes are to be found around local midnight at L>4, suggesting a strong nightside

plasma sheet source of electrons.

22
This article is protected by copyright. All rights reserved.



MIDNIGHT

RBSP/HOPE: Electron Flux: 32.98 eV
A

INTS=1.130]E+0 .

TOTAL DAJ)

o el m m
[=] w o w
LOG,, Electron Flux

bk
W

Fad
=1

+0i

RBSP/HOPE: Electron Flux: 222.0 eV
) TAL DATA POINTS=

LOG,, Electron Flux

RBSP/HOPE; Electron Flux: 1087. eV
1074

A PONTS =! O

F Fy f : Fy ¥ : b £ - - o h L
L= w [=)
LOG,q Electron Flux

180 7
x
2
2
<
g
90 8
w
s
8
S
0 r
1 2 3 4 5 6 7

PA

23

NOON

RBSP/HOPE: Electron Flux: 32.98 eV

A

RBSP/HOPE: Electron Flux: 222.0 eV
TOTHL DATA -

30 r

RBSP/HOPE: Electren Flux: 1087, eV
70T .

A PQINTS=7.77,

This article is protected by copyright. All rights reserved.

o o ™ el m
w o w o w
LOG,y Electron Flux

Lad
o

8.0

= ~
o w

Ll
wn

LOG, Electron Flux

6.0

55

m
n

o
(=]
LOG,5 Electron Flux

LOG, Electron Flux



Figure 5. The averaged electron flux (s cm™ ster™ keV™ ) as a function of local pitch-angle and
L-value around local midnight (22-02 MLT: left column) and local noon (10-14 MLT: right
column) at four energies.

Of course the fluxes and pitch-angle distributions shown in Figure 5 represent the average fluxes
for all levels of geomagnetic activity. In order to explore the variation of these fluxes with activity
the fluxes are separated into active periods and quiet periods of solar-wind driving, based on the
value of the solar-wind electric field parameter -vq,B; (in units of mV m™). Figure 6 shows the
same averaged electron local pitch-angle distributions around local midnight, from Figure 5, but
this time separated into quiet and active periods. The left column of Figure 6 shows the electron
pitch-angle distributions around local midnight (22-02 MLT) at two energies during quiet periods (-

VswB; <-1) and the right column of Figure 6 shows the fluxes during active periods (-vs,B; >1).

This division represents a separation between periods of positive IMF-B, and negative IMF-B,.
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Figure 6. The averaged electron flux (s* cm™? ster™ keV™* ) as a function of local pitch-angle and
L-value around local midnight (22-02) MLT. The left column shows data for low solar wind
driving (-vswBz <-1) and the right column shows data for elevated solar wind driving (-vswB; >1).

The flux distributions in Figure 6 show significant differences between low solar wind driving (left
column) and elevated solar wind driving (right column). During periods of low driving the electron
fluxes at ~33 eV close to Earth are slightly higher at L-values less than ~3, when compared to
periods of strong solar wind driving. During enhanced geomagnetic activity, a reduced O/N; ratio
in the thermosphere can reduce the content of the ionosphere and thus lead to a reduced electron

flux in the ionosphere/plasmasphere during hours of sunlight and subsequently during darkness

[Prolss, 1976; Rishbeth, 1998]. For L-values greater than ~4 the situation is reversed and the fluxes

25
This article is protected by copyright. All rights reserved.



during periods of low-driving are less than during periods of elevated activity. This is consistent
with increased convection driving electrons radially inwards from the plasma sheet during
disturbed periods, and supports the interpretation that the elevated nightside electron fluxes at ~33
eV are indeed the low energy tail of freshly delivered plasma sheet material. The isotropic nature of

the electrons at L>5 is also consistent with this interpretation [cf. Denton et al., 2005].

At ~1087 eV, during periods of low driving, the electron fluxes are slightly elevated at L-values
above ~4, when compared to periods of strong solar wind driving. This is again consistent with
previous observations that plasma sheet electron convection into the magnetosphere is enhanced
during enhanced solar wind driving [cf. results at GEO by Korth et al. [1999] and Denton et al.
[2005]). However, adiabatic effects between quiet-times and storm-times are also likely to play a

role that complicates interpretation of the results.

Figure 7 contains the same sequence of plots as those shown in Figure 6 but this time for data taken
around local noon (10-14 MLT). Here, for electrons with energies ~33 eV the situation is similar to
that at local midnight, with much stronger field-aligned fluxes during low solar wind driving
compared to high solar wind driving. For electrons with energies ~1087 eV the noon fluxes are
again slightly higher during quiet periods than during active periods.. This is somewhat surprising
given that the electron fluxes around midnight (primarily electrons from the plasma sheet) are
actually higher during enhanced solar wind driving. However, as electrons drift to the dayside,
they are lost primarily via collisions in the atmosphere. During enhanced activity there will be

heating (and expansion) of the neutral atmosphere meaning these losses will increase. In addition,
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the increased convection affects the drift-paths taken by electrons of all energies that complicates
interpretation of the results. Furthermore, there are numerous local-time-dependent wave-particle
processes (e.g. whistler-mode chorus waves) that may modify the distributions and lead to local-
time asymmetries. A complete study of these processes and their effects on the distributions
presented here is beyond the scope of the present study. Case studies of individual storm events
using the multi-satellite perspective of the Van Allen Probes mission, coupled with theoretical
simulations, provide a way to reveal the inter-connections between drift-physics and in situ

energization/loss processes (e.g. Denton et al. [2016b]).
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Figure 7. The averaged electron flux (s cm™ ster™ keV™ ) as a function of local pitch-angle and
L-value around local noon (10-14) MLT. The left column shows data for low solar wind driving (-
VswB; <-1) and the right column shows data for elevated solar wind driving (-vs,B; >1).

4. Conclusions and Summary

The spatial and temporal morphology of the low-energy electron population has been poorly

determined to date. The analysis described here, and the results shown in Figures 1 to 7, provide a

partial remedy to this. The broad spatial variation of the low-energy electron population, and its
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typical behavior with increasing geomagnetic activity, have been determined. In addition, the
average pitch-angle distribution of the electrons around noon and midnight, for energies between
~33 eV and ~1087 eV, have been calculated. Evidence from the analysis provides clear
confirmation of two source populations for low-energy electrons; namely, the low-energy tail of the

electron plasma sheet, and the high-energy tail of the outflowing ionosphere.

The flux plots shown in Figure 3 contain broad statistical descriptions of the electron flux at GEO
as a function of geomagnetic activity. The highest fluxes, on average, are found at energies
between ~60 eV and ~1 keV on the nightside during the strongest levels of convection (proxied by
the Kp index). The lowest fluxes, on average, are found in the post-noon sector [cf. Korth et al.,
1999; Denton et al., 2005; Friedel et al., 2015]. This is consistent with the plasma sheet being the
dominant ‘source at these energies. However, the pitch-angle distributions of the low-energy
electrons provide additional information: field-aligned fluxes indicate an ionospheric source, whilst
fluxes peaked at ~90° are indicative of a plasma sheet source. The field-aligned distribution of
low-energy (~33 eV) at all L-values (but strongest for L-values between 1 and 3 and L-values >5)
around local noon indicate the low-energy electron plasma sheet population is supplemented by
electrons that are flowing directly out of the dayside ionosphere. The high fluxes at L-values>~5
indicate outflows that are particularly strong from the mid-to-polar ionosphere. From the results
shown in Figure 7, it is clear that this outflow occurs during both quiet periods and during active

periods.

Concerning the implications of our results for magnetospheric wave-particle interactions, it is well-
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known that low-energy electrons play a vital role in governing the dynamics of whistler-mode
waves [Thorne and Horne, 1994; MacDonald et al., 2008; 2010]. The distributions of the
electrons, in both energy and pitch-angle, along with their MLT and L dependences, are critical in
estimating the effects of such waves, particularly on more energetic (relativistic) particles. We

intend that the electron distributions presented here, will prove useful in this regard.

With regard to future work in this area, one possible advance could be made by examining the low-
energy electrons, and the electrons of plasma sheet energies, measured by HOPE, by utilizing a co-
ordinate framework based on the (U, B, K) formulation introduced by Whipple [1978]. This
formulation, previously used for data at geosynchronous orbit [Korth et al., 1999; Friedel et al.,
2001; Henderson et al., 2015], has the advantage of naturally taking account of the particle drift
trajectories - and hence would be useful in order to trace the paths of the particles through the
system. Friedel et al. [2001] examined access of the plasma sheet to the inner magnetosphere
using POLAR data, but restricted their study to pitch-angles of 90° only. Once further data from
HOPE has been accumulated, it will be illuminating to carry out a similar study (but with vastly
more data) of particle trajectories in the inner magnetosphere, both for electron and ions, for a
variety of pitch-angles and energies. This would certainly provide confirmation, or otherwise, for
the assertion that supra-thermal electrons from the plasma sheet can become trapped at low L-shells
and go on to form the plasmaspheric electron population [Li et al., 2010]. Recently Denton et al.
[2016b] carried out an preliminary examination of O and H" ions in the inner magnetosphere
during storms-and demonstrated that the plasma sheet source at low energies can mimic the local

acceleration of the ionospheric source population. A similar future study is planned for the low
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energy electrons.

In summary, observations from the HOPE instrument onboard VVan Allen Probes B have been used
to investigate the sources of low-energy electrons in the inner magnetosphere. We have
documented and quantified observed fluxes of this population and calculated the average pitch-
angle distributions as a function of L-value for both quiet and active periods. It is intended that our
results will prove useful, in combination with future modeling studies, for determining the role of
the low-energy electron population in global magnetospheric dynamics. Electrons modulate wave-
particle interactions in the magnetosphere, and these interactions govern energy transfer. We

intend that the results from this current paper will help to advance the work in this area.
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