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1) Since the outer electron radiation belt is lost on occasion, the radiation belt needs
seed electrons to rebuild. 2) The clear candidate for that seed population is energetic
substorm-injected electrons in the dipolar magnetosphere. 3) The energetic
substorm-injected electrons in the dipole come from the suprathermal electron
population in the magnetotail plasma sheet, delivered by substorms. Scenario
(1)-3) begs the question: Where do these magnetotail suprathermal electrons
come from? We are hypothesizing that one source (perhaps the dominant source)
is the energetic field-aligned electron strahl in the solar wind, which are electrons fresh
from the solar corona.
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OVERVIEW

In this Hypothesis paper we will explore the possibility that strahl electrons in the solar wind at Earth
follow the pathway into the magnetosphere that is: solar wind — lobe — polar rain — plasma sheet
— substorm-injected electrons — electron radiation belt.

It is a reasonable hypothesis that the energetic electron strahl of the solar wind contributes as
a source population for the Earth’s outer electron radiation belt. 1) The strahl is seen on lobe
field lines and it reaches the polar-cap atmosphere to create the polar-rain aurora (Fairfield and
Scudder, 1985). The intensity of the polar-rain aurora is modulated by the intensity of the strahl
in the solar wind (Hershbach and Zhang, 2021). 2) Lobe field lines are captured into the
magnetotail plasma sheet via the action of the distant reconnection site and these field lines
have energetic strahl electrons on them (Zhang and Wing, 2015). 3) The magnetotail plasma
sheet is observed to have a suprathermal electron population (Christon et al., 1989; Runov et al.,
2018). 4) The suprathermal electron population of the magnetotail plasma sheet becomes the
substorm-injected electron population in the dipolar magnetosphere as substorms transport
and adiabatically energize this population (Birn et al., 1998, 2014). 5) The substorm-injected
electrons are widely considered to be the seed population for the electron radiation belt (Jaynes
et al., 2015; Boyd et al., 2016; Borovsky and Valdivia, 2018).

This hypothesis has the potential to uncover another piece of the M-I-T system and how it is
driven by the solar wind, and in fact by the solar corona. This hypothesis, if accurate, could have a
transformative impact on our system-science understanding of the solar-wind-driven
magnetosphere of the Earth (Borovsky and Valdivia, 2018) and could contribute to electron
systems science (Vershcaren et al.,, 2021). This could lead to an increased understanding of the
controlling factors for space weather at Earth and an improved ability to predict the evolution of the
electron radiation belt.
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FIGURE 1 | The autocorrelation function of the hourly strahl-intensity

index lo7». Note the autocorrelation time (1/e method) is about 26 h and note
the 27-day recurrence of the correlation indicating a 27-day periodicity in the
lo7o time series.

THE ELECTRON STRAHL IN THE SOLAR
WIND

The solar wind has three electron populations (Boldyrev et al.,
2019; Bercic et al., 2020): the (cool) core, the hot isotropic
halo, and the energetic field-aligned strahl. The strahl is a
field-aligned distribution of electrons with a broad range of
energies from 100s of eV to a few-keV. The strahl is the hot-
electron population of the solar corona escaping along
magnetic-field lines out into the heliosphere. The strahl is
sometimes referred to as the solar-wind heat flux (e.g., Gary
et al., 1975). Strahl electrons move rapidly along the field: a
500-eV strahl electron has a field-aligned velocity of 1.3 x
10° cm/s, which is 2Rg/s. At 1 AU the observed strahl
electrons left the Sun about 3 h ago, whereas the solar-wind
plasma is about 100 h old. At 1 AU the core represents about
90% of the electron density, the halo about 7%, and the strahl
on average about 3% (Stverak et al., 2009), although the strahl
fractional density can vary greatly with time. At 1 AU the
field-aligned strahl is several degrees wide (Fitzenreiter et al.,
1998; de Koning et al., 2007).

The spaghetti magnetic-flux-tube structure of the solar
wind (Borovsky, 2008, 2010) forms a ductwork for the
outward moving strahl (Borovsky et al., 2021). As the
various flux tubes pass the Earth the intensity of the strahl
can change from tube to tube (Gosling et al., 2004; Borovsky,
2020a, 2021). This results in intensity changes on 10-min
timescales at Earth as the various solar-wind magnetic flux
tubes advect past the Earth (Borovsky, 2020b). Additionally,
the strahl intensity varies systematically on a few-day
timescale as the different types of solar-wind plasma pass
the Earth (Borovsky, 2018). An hourly-averaged 272-eV
strahl-intensity index 1,7, at Earth has been created
(Borovsky, 2017). L7, is logyo (f (272)) where f (272) is the
phase-space density of the strahl at 272 eV: 1,7, is a proxy for
the flux of the strahl, but future studies should use the total
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integral of the strahl to properly calculate its flux. There is a
27-day periodicity to the intensity of the strahl at Earth; this
can be seen in the autocorrelation function of 1,;, plotted in
Figure 1. The intensity of the electron strahl can be used as an
indicator of the magnetic connection from the Earth to the
Sun (Borovsky, 2021). The strahl is most intense in corotating
interaction regions and the beginnings of high-speed streams
(Borovsky and Denton, 2016), which at Earth are the times
when the electron radiation belt becomes most intense
(Borovsky and Denton, 2010).

THE STRAHL IN THE LOBES

The electron strahl is seen in the magnetosheath, both in the
near-Earth magnetosheath (Terasawa et al., 2000; Kasaba
et al,, 2000) and in the distant-tail magnetosheath (Aaker
et al., 1986). The strahl electrons are
commonly seen throughout the lobes at energies of 100s of
eV to a few keV (e.g., Fairfield and Scudder, 1985; Aaker et al.,
1986).

Figure 2 is a noon-midnight meridional cut from a global
MHD simulation of the solar-wind-driven magnetosphere
examining the magnetic connection from the solar wind
into the magnetosphere. The IMF is purely southward in
this simulation and magnetic-field lines are shown in light
green. The time labels at the top of the figure indicate the time
that has passed since the various solar-wind magnetic-field
lines became connected into the magnetosphere via dayside
reconnection.

In each flux tube at 1 AU the strahl moves out from the Sun
as a steady stream (heat flux) of electrons. When a particular
tube passes a solar-wind monitor, the strength of the stream in
that tube is gauged by I,7,. As that tube passes the Earth and
its magnetic connection to the magnetosphere changes, the
strahl flux in that tube should remain the same. Hence, when
comparing lobe observations of the strahl with solar-wind
observations of the strahl, a time lag in the solar-wind
observations must be accounted for. The time lags are
owed to temporal changes in where that tube connects into
the magnetosphere. Mirroring strahl electrons are lost to the
solar wind on polar-cap flux tubes that are open,
and mirroring strahl electrons are captured on closed
flux tubes.

Conserving the first adiabatic invariant, the narrow field-
aligned strahl in the solar wind has no difficulty going from
the solar wind into the lobes. If the field strength in the lobes is
~30 nT and the field strength in the solar wind is ~5 nT, then
electrons with pitch angles up to ~23° can enter the stronger
field of the lobes. Scatter-free transport of the strahl into the
lobes is also expected: unless a strahl-electron gyroradius rg. is
e > 0.1 Ieyrye (Borovsky et al., 2022a,b), where reypve is the
radius of curvature of a field line, there will be no scattering.
At5nT a500-eV electron has ry. ~ 1 km and field-line radii of
curvatures of 10 km are not expected in the connection of the
solar-wind magnetic field into the magnetosphere depending
on the spacecraft location in the lobes.
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FIGURE 2| A number-density snapshot from an LFM (Lyon et al., 2004) simulation (Joe_Borovsky_081,121_1) at the CCMC with a purely southward IMF: the bow
shock is in yellow, the magnetotail is dark blue. Nine open field lines (light green) are traced from the polar cap into the solar wind. The labels (red) are the times since that
particular solar-wind flux tube passed a solar-wind monitor at the nose of the bow shock. The solar wind velocity vector is tilted southward (v, = =400 km/s and v, =
—66 km/s) to wind-sock move the magnetotail downward (1) to keep the distant magnetotail from flaring out of the simulation domain and (2) to push the northern

high-latitude magnetopause onto a higher-resolution region of the simulation grid.
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Note in Figure 2 that most of the solar-wind magnetic-field
lines connecting into the lobes (and into the polar cap) pass
through the distant bow shock, where the shock compression
ratio is weak (Greenstadt et al., 1990; Bennett et al., 1997). For
these distant field lines, the strahl population should be little
effected by passage through the weak bow shock.

POLAR RAIN AURORA

As solar-wind magnetic-field lines become connected to the Earth,
the electron strahl creates the polar-rain aurora in the northern polar
ionosphere when the IMF is in an away sector and in the southern
polar ionosphere when the IMF is in a toward sector (Fairfield and
Scudder, 1985; Newell and Meng, 1990; Wing et al., 1996; 2001;
2005). The intensity of polar-rain aurora is correlated with intensity of
the strahl in the solar wind (Hong et al., 2012; Hershbach and Zhang,
2021), hence, polar-rain observations can provide a good estimate of
the strahl population in the lobe and in the plasma sheet. The polar
rain is structured, similar to the structured strahl population of the
solar wind (Borovsky, 2020a).

As seen from the solar wind, the atmospheric loss cone for the
Earth’s polar caps is quite small and so not all of the strahl electrons
are able to hit the atmosphere and make aurora. For instance, if the
field strength in the solar wind is 5 n'T = 5 x 10~> G, then the loss cone
for the 0.5-G field of the polar cap is about 0.6°. Strahl electrons
outside of the loss cone will mirror above the atmosphere.

As indicated in Figure 2, time lags of 0-2 h are expected between
the solar wind and the ionosphere owing to flux-tube advection past
the Earth, with the time delays shorter in the sunward portions of the
polar cap and longer in the nightside polar cap (cf. Figure 2).

In matching the energy spectra of the polar-rain electrons with
the solar wind, evidence of field-aligned potentials has been seen
(e.g., Fairfield et al., 2008; Wing et al., 1996; 2001; 2005; 2015).
Polar rain intensity or energy flux sometimes shows a negative
gradient from the dayside to the nightside, which can be partly
attributed to the retarding potential (Newell et al., 1996; Fairfield
et al., 2008; Wing et al., 1996; 2001; 2005; 2015). However, this

negative gradient is not always seen for the reasons that are not
entirely clear (Newell and Meng, 1990);

THE PLASMA SHEET
SUPRATHERMAL-ELECTRON
POPULATION

The pathway from the electron strahl in the solar wind to the
electron strahl in the lobes (where the strahl electrons create
the polar-rain aurora) is well established. Then next step in
the pathway to the radiation belt is not well established. It is
imperative to initiate a research effort 1) to quantify how
much of the plasma-sheet suprathermal-electron distribution
is owed to the strahl (and halo) electrons of the solar wind and
2) to determine whether there are other candidate sources for
the plasma-sheet suprathermal-electron population (Other
sources, e.g., recirculation of electrons from the dipolar
magnetosphere into the tail, have been documented for
much-higher-energy electrons (Borovsky and Denton, 2011;
Walsh et al., 2012).).

The suprathermal-electron population of the Earth’s plasma
sheet has been well documented (e.g., Christon et al., 1989, 1991;
Runov et al., 2018; Stepanov et al., 2021). At 60 Rg the
suprathermal electron population has energies above about
200 eV (Runov et al, 2018). Measurements of the shapes of
velocity distribution functions, phase-space densities, and
sudden temporal/spatial changes in the population need to be
made. Occurrence distributions of the properties of the
suprathermal electrons in the magnetotail plasma sheet need
to be compared with occurrence distributions of the electron
properties in the lobes and in the solar wind. Occurrence
distributions such as the phase-space density at constant p (u
= v,*/B being the first adiabatic invariant) are particularly
revealing. Simulations of the field-aligned strahl electron
population through the nightside-reconnection process may be
informative: the simulations should provide information about
the likelihood of pitch-angle scattering at thin current sheets and
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FIGURE 3 | The correlation time-lag behavior between the strahl
intensity in the solar wind and (red) the peak flux of 130-keV electrons at
geosynchronous orbit and (blue) the peak flux of 1.2-MeV radiation-belt
electrons at geosynchronous orbit. 11,020 hourly data points were
used. The modest, but nonzero, levels of correlation indicate that strahl
intensity is not the only controller of these magnetospheric quantities.

at the reconnection site and about energy-anisotropy
evolution in the collapsing Earthward field lines after
reconnection.

Besides entry from the solar wind into the magnetotail
plasma sheet from the lobe via nightside reconnection, solar-
wind electron populations can also enter into the
magnetotail plasma sheet via the low-latitude boundary
layer (LLBL).

For the lobe-reconnection pathway, the best estimate of the
strahl electrons that enter the nightside closed magnetosphere
may be obtained from the polar rain electrons where the polar
rain meets the open-closed boundary of the nightside oval
(Newell and Meng, 1990; Wing and Zhang, 2015).

SUBSTORM-INJECTED ELECTRONS

It is well established that the population of energetic substorm-
injected electrons in the dipolar magnetosphere is directly related
to the suprathermal electron population in the magnetotail
plasma sheet, delivered into the dipolar region by the strong
electric fields of magnetospheric substorms (Birn et al., 1997,
1998, 2004, 2014).

Using the hourly multispacecraft substorm-injected-
electron index F. 3¢ (Borovsky and Yakymenko, 2017) that
is based on SOPA measurements (Belian et al., 1992) from
geosynchronous orbit and using the hourly I,,, strahl-
intensity index (Borovsky, 2017) that is based on ACE
measurements in the solar wind, the red curve in Figure 3
plots the time-lagged Pearson linear correlation coefficient
between I,;, and F.;30. The peak correlation occurs when the
Fe130 substorm-injected-electron intensity is lagged by about
1 day from the solar-wind 1,7, strahl-intensity index.

Electron Strahl and Radiation Belt

SEED ELECTRONS FOR THE RADIATION
BELT

It is commonly accepted that the energetic substorm-injected
electron population in the dipolar magnetosphere is the seed
population for the Earth’s electron radiation belt (Jaynes et al.,
2015; Boyd et al., 2016; Borovsky and Valdivia, 2018), with the
substorm-injected electrons energized primarily by whistler-
mode chorus waves, with the chorus waves driven by lower-
energy injected electrons. It is well known that the intensity of
the electron radiation belt is statistically strongly connected to
the time history of the intensity of substorm electron
injections (Simms et al., 2016; Borovsky, 2017). Borovsky
(2017) found a Pearson correlation coefficient of +74%
between the multispacecraft flux F. , of 1.2-MeV
radiation-belt electrons and the 62-h time integral of the
Fe130 flux of substorm-injected electrons.

The blue curve of Figure 3 plots the time-lagged Pearson
linear correlation coefficient between the strahl electron
intensity index I,;, in the solar wind and the 1.2-MeV
radiation-belt flux index F.;, at geosynchronous orbit: a
peak in the correlation coefficient occurs when the
radiation-belt index F,; , is lagged by about 4 days.

THE FUTURE

A project is needed that will verify and quantify a long chain of
events that leads to a seed population of energetic electrons for
the Earth’s electron radiation belt: solar wind — lobe — polar
rain — plasma sheet — injected electrons — radiation belt. Of
particular interest is determining the relative contribution of
strahl to the seed population through each stage of the
proposed pathway. It will be important distinguished the
strahl electron population from other electron populations
by comparing phase-space densities for consistency in the
various steps of the strahl’s pathway and by correlating the
strengths of the various populations.

The project goals would be the following. 1) To determine
whether (and by how much) the solar-wind electron strahl
(and halo) acts as a seed population for the Earth’s electron
radiation belt. 2) To determine the controlling factors for this
process. 3) To trace the electron strahl from the solar wind,
into the lobe, into the polar-cap ionosphere (polar rain), into
the magnetotail plasma sheet. The suprathermal electrons of
the plasma sheet have already been traced into substorm
injections in the dipole, and evolving into the electron
radiation belt has been examined.

A project pursuing this unique hypothesis could have a
transformative impact.
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