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A B S T R A C T

A review of the impact of the cold-ion and cold-electron populations in the Earth’s magnetosphere is presented.
The cold populations are defined by total energy less than approximately 100 eV, i.e. in the energy range which
is strongly affected by spacecraft charging and that often dominates the total plasma density. We also include
the warm plasma cloak in the review, since it overlaps partially with the cold energy range and is a population
that is still not well understood.
The known impacts of cold ions and cold electrons that are discussed are: the source of hot magnetospheric

plasma, solar-wind/magnetosphere coupling, magnetotail reconnection and substorms, Kelvin–Helmholtz in-
stabilities on the magnetopause, chorus, hiss, electromagnetic-ion-cyclotron and ultra-low-frequency wave–
particle interactions, aurora structuring and spacecraft charging. Other possible impacts are associated with
refilling on open-drift trajectories, the remnant layer and plasmapause disruption. A discussion of the difficulty
of cold-plasma measurements and the need for new measurement techniques that measure the full cold-ion
and cold-electron distribution functions is also presented.
There remain a lot of unknowns about the cold-ion and cold-electron populations, associated with their

origin, properties, drivers and impacts. These populations will need to be fully understood before the
magnetosphere–ionosphere system can be fully understood.

1. Introduction

The Earth’s magnetosphere contains multiple cold-ion and cold-
electron particle populations that are not well characterized and whose
impacts on the magnetospheric system have not been fully assessed.
This overview discusses many of these particle populations and the
potential impacts that they may have on the critical processes of the
magnetosphere.
The magnetospheric environment comprises particle populations

with a broad range of energies, from the sub-eV and eV particles of
the ionosphere and plasmasphere all the way to the ultra-relativistic
energies of the radiation belts. These diverse particle populations co-
exist and interact by means of a variety of plasma waves. For the
purpose of discussion in this paper, we classify particle populations in
the following way: ‘cold’ is defined for total energies approximately less
than 100 eV, ‘warm’ for total energies approximately between 100 eV
and 1 keV, and ‘hot’ for total energies above 1 keV. Note that cold
corresponds to the energy range which is strongly affected by spacecraft
charging and that often dominates the total plasma density.
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The particle populations of the Earth’s magnetosphere originate
from either the solar wind, the ionosphere, or the hydrogen geocorona.
Most of the magnetosphere’s cold populations come from the iono-
sphere, where cold outflows are commonly seen. It may be possible that
some cold-electron populations come from the solar wind, particularly
(1) under low-Mach-number conditions when the solar wind is only
mildly heated in crossing the bow shock or (2) if the lower-energy
core of the magnetosheath thermal population is captured into the
magnetosphere.
There is growing evidence that the cold-particle populations of the

magnetosphere play critical roles in several important processes that
drive the dynamics of the magnetosphere. The primary goal of this
overview is to survey the known and probable impacts of the cold-
particle populations in magnetospheric physics. We will also include
in this review the warm plasma cloak, which is composed of particles
with energy from a few eV to a few hundred eV, since part of its energy
range is cold and it remains a particle population which is not well
understood.
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A summary of the known and probable impacts of the cold-ion
and cold-electron magnetospheric populations appears in Table 1 and
these impacts will be discussed in the rest of the paper. The cold pop-
ulations involved are plasmaspheric (and plume) ions, plasmaspheric
(and plume) electrons, cloak ions (including the oxygen torus), cloak
electrons, charge-exchange-byproduct protons from the hydrogen geo-
corona, structured cold electrons in the post-midnight dipolar regions,
ion outflows, and electron outflows. Cold-electron outflows from the
ionosphere are anticipated for the maintenance of charge neutrality in
the magnetosphere: in addition to cold-electron outflow in the polar
wind, two places where they should occur are (a) in the post-midnight
to dawn region where the hot electron plasma sheet precipitates away
to make diffuse aurora and (b) at the inner edge of the electron plasma
sheet where (owing to gradient-curvature drift effects) the ion plasma
sheet flows radially Earthward while the electron-plasma-sheet flow
turns eastward. Cold-electron outflows into the magnetosphere are
also expected in regions where there are downward field-aligned cur-
rents. There are also plasmaspheric-refilling cold-ion and cold-electron
outflows into open-drift-trajectory flux tubes on the dayside.
Note that the magnetospheric cold-plasma literature discusses an

ion population called the ‘‘oxygen torus’’, which is a cold-to-warm
population of O+ and O++ ions observed inside and outside of the
plasmapause of the plasmasphere (Chappell, 1982a; Horwitz et al.,
1984; Grew et al., 2007; Nosé et al., 2015; Nosé et al., 2020; Jahn
et al., 2017). In this review, the oxygen torus will be considered to
be the inner portion of the oxygen-rich warm plasma cloak since the
morphology and locations of the two are nearly identical (Nosé et al.,
2015). It is an important topic for future research to discern whether
the oxygen torus is a separate population (with separate origin and
separate evolution) from the warm plasma cloak.
Relative to other particle populations with higher energies, the cold

populations are the least studied. In general, this is because issues asso-
ciated with spacecraft charging and secondary-electron contamination
make reliable measurements of the cold populations and their inter-
pretation difficult. For ions, spacecraft-charging issues often prevent
cold ions from reaching spacecraft instruments. For cold electrons, in
addition to spacecraft-charging issues, spacecraft-produced photoelec-
trons and secondary electrons can overwhelm the fluxes of ambient
magnetospheric low-energy electrons. This implies the need to develop
new instruments that can make robust measurements of the cold plasma
populations throughout the magnetosphere, including areas where the
densities are low. Ion instruments that are negatively biased [e.g. Chap-
pell (1982a), Fields et al. (1982)] and perhaps mounted on booms are
needed; entire spacecraft that are negatively charged [e.g. Thomsen
et al. (2013)] would also suffice. Electron instruments that avoid pho-
toelectrons, or that are on spacecraft wherein photoelectron emission
is suppressed, need to be developed and flown.
In general, the cold particle populations have not been thoroughly

surveyed, their origins are often not understood, and their controlling
factors (e.g. the geomagnetic-activity time history) are often unknown.
Besides the known impacts that they have in magnetospheric dynamics,
it is plausible that there could be impacts that are not yet known.
We also wish to emphasize that the majority of work on the cold
particle populations has focused on cold ions: a lot less is known
about the cold electrons. Until the cold ions and cold electrons are
understood, along with their controlling factors and their impacts, the
magnetosphere–ionosphere system will not be fully understood.
This paper is organized as follows. In Section 2 the sources of cold

plasma are discussed. Section 3 discusses that the cold ionospheric
plasma can become a major source of hot plasma in the magnetosphere.
Section 4 discusses the impact of the cold ions (including the warm
plasma cloak) on magnetic reconnection, both on dayside and in the
magnetotail. The impact of cold ions on the Kelvin–Helmholtz insta-
bility on the magnetopause is discussed in Section 5. The impact of
the cold-particle populations on wave–particle interactions (cold elec-
trons for chorus and hiss waves and cold ions for electromagnetic-ion-
cyclotron (EMIC) and ultra-low-frequency (ULF) waves) is discussed in

Section 6, while the impact of cold electrons on aurora structuring is
presented in Section 7. Probable impacts associated with plasmaspheric
refilling on open-drift trajectories and the remnant layer are presented
in Section 8. The impact of cold electrons and cold ions on spacecraft
charging is discussed in Section 9, while the problems associated with
cold-electron and cold-ion measurements are discussed in Section 10.
Conclusions are drawn in Section 11.

2. Sources of cold plasma

Broadly speaking, the source of cold plasma in the Earth’s magne-
tosphere can be placed into three categories: the low latitude iono-
sphere, the high latitude ionosphere, and the solar wind. Exhaustive
reviews of plasma sources at Earth, both cold and otherwise, are
given by Hultqvist et al. (1999) and Welling et al. (2015a). The effi-
cacy of each source depends on many factors, including solar extreme
ultraviolet (EUV) flux, solar wind and interplanetary magnetic field
conditions, and ionospheric conditions. These factors are responsible
for controlling the originating reservoir for each source, acceleration
or entry into the magnetosphere, and transport to regions of interest.
All these factors must be considered when evaluating the potential and
realized impact of cold plasma on the magnetosphere.
At low and medium latitudes, ionospheric ions upwell along closed

field lines to produce the plasmasphere (Carpenter, 1962; Lemaire
et al., 1998; Kotova, 2007). This is cold (< 1 eV) plasma consisting
primarily of protons and electrons that, once in the magnetosphere,
follows the local E ù B drift velocity. Other species contribute mod-
erately; He+ accounts for 5*10% of the total number density, reaching
higher fractions as a function of geomagnetic activity (Darrouzet et al.,
2009). Heavier ion abundance within the plasmasphere is around Ì

3% with few exceptions (Dandouras et al., 2013; Grew et al., 2007).
While normally relegated to altitudes at or below geosynchronous, cold
plasmasphere material may be transported to other areas of interest.
This is achieved primarily via plasmaspheric plumes (Grebowsky, 1970;
Spasojevi¢ et al., 2003; Sandel et al., 2003; Goldstein and Sandel,
2013; Goldstein, 2007), which can deliver as much as 2 ù 1026 ions
per second to the dayside magnetopause (Borovsky and Denton, 2008).
Other processes for transporting cold plasma out of the plasmasphere
and to higher L-shells may exist. One candidate process is the plas-
maspheric wind, or radial expansion of the plasmasphere (Lemaire
and Schunk, 1992; André and Lemaire, 2006; Pierrard et al., 2009).
While some indirect evidence for this transport exists [e.g., Dandouras
et al. (2013)], its existence remains controversial. Following the erosion
of the plasmasphere after a severe geomagnetic storm, the plasma
refilling time at L > 3 can be 4 days or even as long as 8 days (Park,
1970; Banks et al., 1971; Kotova, 2007; Obana et al., 2010). Note also
that atmospheric photoelectrons are observed in the magnetosphere
[e.g. Mantas et al. (1978), Coates et al. (1985), Peterson et al. (2009,
2013)]: it is known that they are important for plasmaspheric-refilling
processes (Bailey et al., 1997; Varney et al., 2012).
At higher latitudes, i.e., auroral regions and open field line regions,

cold ions originate from the topside ionosphere, outflowing along field
lines and into the magnetosphere. This source of plasma is critical for
understanding geospace dynamics; at times, it can become the domi-
nant source of plasma in the magnetosphere (Chappell et al., 1987).
Unlike lower latitude outflows, the composition includes non-trace
amounts of H+, He+, O+, and N+ [e.g., Hoffman (1967), Chappell et al.
(1982b), Chandler et al. (1991), Yau et al. (1991) and many more].
It can be decomposed into bulk ionospheric outflow [the ‘‘classical
polar wind’’ (Axford, 1968; Banks and Holzer, 1968)] where ambipolar
electric fields modify Jean’s escape parameters, and suprathermal out-
flows, where different acceleration processes (including wave–particle
interactions, centrifugal acceleration, and effects of hot electron pop-
ulations) (Cladis, 1986; Horwitz et al., 1994; Khazanov et al., 1997;
Schunk and Sojka, 1997; Moore et al., 1999a; Chaston et al., 2004,
2007; Moore and Khazanov, 2010) raise parallel velocities significantly
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Table 1
Cold plasma populations of the Earth’s magnetosphere and their known or probable effects on the magnetosphere–ionosphere system.

Cold population Impact on the magnetosphere

Plasmasphere ions Alter ULF frequency and radial diffusion of energetic electrons and ions
Alter EMIC scattering of electron radiation belt

Plasmasphere electrons Alter hiss decay of radiation-belt electrons
Create whistler ducts

Plasmapause Hiss-chorus boundary
Site of enhanced ULF activity
Site of shear-flow instabilities leading to giant undulations

Plasmaspheric plume ions Reduce the dayside reconnection rate
Alter Hall microphysics of dayside reconnection
Alter EMIC scattering of outer electron radiation belt

Cloak ions (and oxygen torus) Alter ULF frequency and radial diffusion of energetic electrons and ions
Reduce the dayside reconnection rate
Alter Hall microphysics of dayside reconnection
Alter EMIC scattering of electron radiation belt
Reduce electron-plasma-sheet-driven spacecraft charging
Reduce threshold for Kelvin–Helmholtz on magnetopause

Cloak electrons Alter chorus and affect electron-radiation-belt energization

Structured dawnside cold electrons Produce spatial structure of (a) chorus-wave amplitudes and (b) the pulsating aurora

Charge-exchange-byproduct protons Alter Hall-microphysics of dayside reconnection
May increase early-time plasmaspheric refilling rate
Alter EMIC scattering of electron radiation belt

Ionospheric ion outflows Provide a major source of magnetospheric plasma

Ionospheric ion outflows in magnetotail Alter Hall microphysics of magnetotail reconnection
Mass loading of magnetotail reconnection; altering magnetotail tearing instability

Ionospheric electron outflows Alter chorus properties

over background values. The bulk polar wind is characterized by veloc-
ities of the order of 1–10 km/s at altitudes around 10,000 km (Yau
and André, 1997), corresponding to a drift energy of 1–10 eV. The
thermal energy is at most a few eV (Abe et al., 1996). It yields fluxes of
1–20ù107 cm*2 s*1 for H+; O+ fluxes tend to be around a factor of two
lower. Note that these ionospheric outflows can also include molecular
ions, e.g. NO+, N+

2
and O+

2
. For instance, the Dynamics Explorer 1

mission measured fluxes up to 2 ù 106 cm*2 s*1 of molecular ions
at geocentric distances up to 3 Earth radii over the polar cap during
a large geomagnetic storm (Craven et al., 1985). Similar fluxes were
also observed at lunar distances by the Acceleration, Reconnection,
Turbulence, and Electrodynamics of the Moon’s Interaction with the
Sun (ARTEMIS) mission during geomagnetically active times (Poppe
et al., 2016). The polar wind also contains outflowing photoelectrons
from the sunlit atmosphere (Kitamura et al., 2012) that are important
components of the driving of the polar wind (Khazanov et al., 1997; Su
et al., 1998; Glocer et al., 2017). Outflow fluxes and composition vary
considerably and are strongly correlated with solar and magnetospheric
activity, including solar EUV radiation, interplanetary magnetic fields,
solar wind pressure, geomagnetic indices, and, more directly, precip-
itating electron fluxes and Poynting fluxes into the ionosphere (Yau
et al., 1985; Tam et al., 1998; Barghouthi et al., 1998; Barakat and
Schunk, 2001; Moore et al., 1999b; Cully et al., 2003a; Strangeway
et al., 2005; Kitamura et al., 2011).
Understanding the fate of these outflows as they are transported

through the magnetosphere is critical to understanding their eventual
impacts on the system. In the lobes, the coldest populations can be
significant, but incredibly difficult to observe (Engwall et al., 2006;
Engwall et al., 2009a; André and Cully, 2012; Haaland et al., 2015).
The energy spectra of faster outflowing populations provide hints as
to their source. For example, ‘‘beams’’ indicate ionospheric ions orig-
inating from the cusp or dayside polar cap (Candidi et al., 1982;
Seki et al., 1998, 2000; Kistler et al., 2010; Liao et al., 2010, 2015),
velocity filtered and segregated by composition via the well-known
geomagnetic mass spectrometer effect during their journey across the
lobes to the tail (Horwitz, 1986; Chappell et al., 1987; Delcourt et al.,
1992). Conversely, dispersed patterns indicate contributions from the
nightside auroral oval that can directly feed the plasma sheet (Sauvaud

et al., 2004; Kistler et al., 2010). Upon arrival to the plasma sheet,
these populations change the temperature, density, and mass profiles
of the local plasma. Under southward interplanetary magnetic field
(IMF) conditions, they advect daywards, are heated, and contribute
significantly to the ring current — no longer a true ‘‘cold plasma’’
[e.g., Sharp et al. (1985), Daglis et al. (1999), Kozyra et al. (2002),
Welling et al. (2011), Kronberg et al. (2012, 2014)]. A portion forms
the ‘‘warm plasma cloak’’, a portion circulating through and around
the inner magnetosphere without substantial heating (Chappell et al.,
2008). This population (which might be synonymous with the oxygen
torus) may affect dayside dynamics (Zhang et al., 2016).
The final source of cold plasma is the solar wind, which is not tradi-

tionally considered a cold plasma population. The solar wind consists
primarily of electrons and protons with temperature of the order of
10 eV flowing at around 400 km/s. For ions, the flow kinetic energy
is Ì1 keV and dominates over the thermal energy. Crossing the bow
shock, the solar wind temperature in the magnetosheath rises to Ì20-
60 eV for electrons and Ì100 eV-1 keV for ions on the dayside (Wang
et al., 2012), with a flow velocity which is about half of the upstream
solar wind velocity [see Fig. 4 of Dimmock and Nykyri (2013)]. The
magnetosheath plasma cools off to Ì10-30 eV for electrons and Ì30-
300 eV for ions as it moves to the nightside, while its drift velocity
returns to values comparable to the upstream solar wind (Wang et al.,
2012; Dimmock and Nykyri, 2013). Thus, the total energy of the
magnetosheath is Ì1 keV for ions while magnetosheath electrons can
remain cold. Historically, the most important entry mechanism for the
solar wind is thought to be dayside reconnection under southward
IMF conditions [Dungey (1961); see reviews by Fuselier and Lewis
(2011); Paschmann et al. (2013)]. Plasma entering at or near the
reconnection region can be heated and is not typically thought of
as being ‘‘cold’’. Entry through reconnection regions only accounts
for a fraction of solar wind entry, however, and other mechanisms
allow entry without significant heating. Plasma captured along newly
reconnected flux tubes can allow entry through the mantle without
heating. Under northward IMF conditions, high latitude reconnection
will draw magnetosheath plasma into the low-latitude boundary layer
(LLBL). The LLBL can be further populated by a myriad of other
processes, including Kelvin–Helmholtz waves along the flanks. From
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the LLBL, magnetosheath plasma makes its way to the central plasma
sheet [see, e.g., Wing et al. (2014)]. However, the exact mechanism for
its inward flow is unclear [see Welling et al. (2015a) for an in-depth
discussion]. Inward diffusion of this plasma, interchange instabilities,
Kelvin–Helmholtz vortices, and other processes have been investigated
but the dominant mechanism remains unclear.
Under periods of extended quiet times, the magnetosheath source of

plasma builds into the ’cold, dense plasma sheet’ (CDPS)- a nightside
population whose characteristics (> 1 cm*3, < 1 keV) are colder and
denser than the typical hot and tenuous plasma sheet [e.g., Lennartsson
(1992), Terasawa et al. (1997), Fujimoto et al. (1998), Phan et al.
(2000), Huang et al. (2002), Øieroset et al. (2005)]. The role of this
population is that of a reservoir for active periods. Under southward
IMF conditions, the CDPS advects daywards and the overall density
drops precipitously. The entry mechanisms described above are most
efficacious under quiet conditions, so the CDPS does not reappear until
stably quiet conditions return. For these reasons, this population is only
likely to affect the magnetosphere during prolonged quiet times and
during the early phases of geomagnetic storms [e.g., Thomsen et al.
(2003), Lavraud et al. (2006)].
Many open questions remain concerning sources of cold ion and

cold-electron populations to the magnetosphere. Fundamentally, how
the solar wind and ionospheric sources of plasma balance each other,
and how this balance changes with solar and terrestrial activity, re-
mains only poorly understood. The amount and rate of new plasma pro-
vided by these sources is only roughly quantified. Many sub-questions
about entry and acceleration mechanisms are also unanswered. What
acceleration mechanisms are most important for delivering light and
heavy ions from the ionosphere to the magnetosphere? What pro-
cesses are most important for transporting LLBL plasma to the central
plasma sheet? While ionospheric outflow rates are affected by mag-
netospheric dynamics and processes, the outflowing populations then,
in turn, affect magnetospheric dynamics. Several studies have made
this connection, identifying mass–energy feedback loops between the
two domains (Brambles et al., 2011; Moore et al., 2014; Welling
et al., 2015a). Open questions persist concerning the existence of
such feedback loops and their importance in the near-Earth space
system (Welling and Liemohn, 2016). Further, questions about heavy-
ion composition remain poorly explored. Notably, the ionosphere is
capable of providing large amounts of nitrogen ions to the magneto-
sphere, which has different properties than the widely-studied oxygen
populations. The existence of nitrogen in the magnetosphere has been
confirmed, but its role largely neglected (Ilie and Liemohn, 2016).
These questions are only a selection of a greater set of unknowns
concerning cold ion sources in the magnetosphere.

3. Cold-plasma source of hot magnetospheric plasma

One of the most important impacts of the cold plasma is that it can
become the dominant source of hot magnetospheric plasma. Early on in
the space age, the solar wind was considered the main source of plasma
throughout the magnetosphere. The discovery of energetic O+ ions in
the inner magnetosphere (Shelley et al., 1972), clearly of ionospheric
origin, began to change this prevailing point of view. Earlier missions
were limited in the lowest ion energy that could be measured but the
development of more sophisticated instrumentation, culminating with
the retarding ion mass spectrometer (RIMS) instrument on the Dynam-
ics Explorer 1 mission that measured cold ions with energies from the
spacecraft potential to Ì50 eV (Chappell et al., 1981), allowed a much
better characterization of the ionospheric sources of cold plasma as well
as their transport and energization mechanisms in the magnetosphere
[see Chappell et al. (1987) and references therein]. Aided by available
data on ionospheric outflow, Chappell et al. (1987) estimated the
ion density in the plasmasphere, plasma through, plasma sheet and
magnetotail lobes and concluded that the observed magnetospheric

densities could be fully obtained by an ionospheric source, without any
contribution from the solar wind.
Subsequent numerical studies have confirmed that the ionosphere

can be the dominant source of magnetospheric plasma. Huddleston
et al. (2005) used test particle simulations to study the dynamics of
ionospheric ion outflow, whose initial properties were obtained from
the Polar mission. These simulations indicate that cold ionospheric ions
can be accelerated to plasma sheet (1*10 keV) or even ring current (1*
100 keV) energies as they cross the neutral sheet far (tens of Earth radii)
downtail and then move Earthward through the cross-tail potential.
More recently, multi-fluid simulations have been used to study the
impact of ionospheric outflow on the dynamics of the magnetosphere
and to separate the contributions of the ionospheric and solar wind
sources (Winglee, 2000; Glocer et al., 2009; Welling and Ridley, 2010;
Brambles et al., 2010). Welling and Ridley (2010) showed that during
southward IMF the dominant source of magnetospheric plasma comes
from ionospheric plasma entering deep down tail through reconnecting
field lines. During northward IMF, the dominant source is solar wind
entering from the flanks of the magnetosphere. Spacecraft surveys have
shown that the relative contribution of the ionosphere relative to the
solar wind (1) increases with increasing geomagnetic activity (Young
et al., 1982; Lennartsson and Shelley, 1986; Maggiolo and Kistler,
2014) and (2) increases with increasing solar F10.7 (Lennartsson, 1989;
Kistler and Mouikis, 2016).
In general, it is important to emphasize that these multi-fluid nu-

merical studies show that the outflow is not just a source of plasma,
but can strongly affect the dynamics of the magnetosphere: examples
of this impact include the reduction of the cross cap potential during
geomagnetic storms (Winglee et al., 2002; Glocer et al., 2009), the
increase of the strength of the ring current (Brambles et al., 2010;
Welling et al., 2015b), which in turn can feed back on the strength
of the outflow (Welling et al., 2015b), altering the dynamics of the
magnetotail and increasing substorm activity (Wiltberger et al., 2010),
and controlling the magnetospheric sawtooth cycle (Brambles et al.,
2011; Ouellette et al., 2013).

4. Magnetic reconnection

In this section, we discuss the impact of cold ions (including those
of the warm plasma cloak) on magnetic reconnection.

4.1. Dayside

Dayside reconnection magnetically connects the Earth’s magne-
tosphere with the moving solar-wind plasma. This drives magneto-
spheric convection, ionospheric convection, and geomagnetic activ-
ity. Whatever controls the dayside reconnection rate controls solar-
wind/magnetosphere coupling, convection, and geomagnetic activity.
The entry of solar-wind plasma into the magnetosphere also depends,
in part, on the dayside reconnection rate. In collisionless plasmas the
local reconnection rate is controlled by the Alfvén speed vA =

B˘
�0⇢
in

the plasma at the site of the reconnection, where B is the magnetic-field
strength and ⇢ is the mass–density of the plasma. A rule of thumb for
classic collisionless reconnection is that the reconnection rate R is R =

0.1BvA [e.g. Petschek (1964), Parker (1973), Birn and Hesse (2001)],
with the plasma on both sides flowing into the reconnection site at
0.1vA carrying a field B. For asymmetric reconnection (Borovsky and
Hesse, 2007; Cassak and Shay, 2007; Birn et al., 2008) where the two
plasmas on either side of the reconnection site have differing B and/or
⇢ values, the local reconnection rate is governed by a hybrid Alfvén
speed. This local reconnection rate R is described by the Cassak–Shay
equation [cf. Eq. (1) of Borovsky (2008)]

R = 2K
B
3_2
m B

3_2
s˘

Bm⇢s + Bs⇢m
˘
Bs + Bm

(1)
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where K ˘ 0.1 is a coefficient representing the geometry of the
inflow and outflow through the reconnection site. In expression (1)
the subscripts ‘‘m’’ represents the magnetospheric side of the dayside
reconnection site and ‘‘s’’ represents the magnetosheath side. There are
four variables affecting the dayside reconnection rate: Bs, Bm, ⇢s, and
⇢m. The values of the three variables Bs, Bm, and ⇢s are controlled by the
solar wind [cf. Borovsky (2008), Borovsky and Birn (2014)], but ⇢m is
not. This gives the Earth some control over solar-wind/magnetosphere
coupling (Borovsky, 2014): at times the magnetospheric plasma can
‘‘mass load’’ the reconnection site and reduce the reconnection rate.
From the mass–density denominator of expression (1) a dimensionless
parameter M can be written which gauges the effect of ⇢m on the
dayside reconnection rate:

M =
1u

1 +
⇢mBs

⇢sBm

. (2)

For typical solar-wind values upstream of the bow shock (nsw = 6.3

cm*3, Bsw = 5.8 nT, and vsw = 430 km/s) the values of Bs, Bm,
and ⇢s at the nose of the magnetosphere are Bs ˘ 44 nT, Bm ˘ 70

nT, and ⇢s ˘ 25 amu/cm3. Using those values in expression (2), the
quantity ⇢mBs_⇢sBm is greater than 1 if ⇢m > ⇢sBm_Bs ˘ 40 amu/cm3.
Under typical geomagnetic conditions, the mass–density in the dayside
magnetosphere near the magnetopause is lower than this value, and
so the mass–density of the magnetosphere does not strongly affect
the dayside reconnection rate. During geomagnetic storms, the case is
different.
There are three magnetospheric particle populations that come into

play for dayside reconnection: (1) the plasmaspheric drainage plume,
(2) O+ in the warm plasma cloak, and (3) O+ in the ion plasma sheet.
The magnetospheric mass loading of dayside reconnection was first

suggested for the plasmaspheric drainage plume (Borovsky and Stein-
berg, 2006; Borovsky and Denton, 2006), where the mass loading was
known as the ‘‘plasmasphere effect’’. At the dayside magnetosphere
the plasmaspheric drainage plume can have a number density ⇢m Ì

200 cm*3 [cf. Fig. 4 of Borovsky et al. (1997) and Fig. 4 of Walsh
et al. (2013)]. If the plume plasma were 100% protons, the mass–
density would be ⇢m Ì 200 amu/cm3, large enough to be important in
expressions (1) and (2), even against the stormtime magnetosheath con-
ditions (Borovsky et al., 2013). During geomagnetic storms the dayside
reconnection rate can be strongly suppressed where the plasmaspheric
drainage plume flows into the magnetopause, a region that is many
hours of local time wide early in a storm and then narrows to a couple
of hours of local time for the duration of the storm. An assessment of
this mass loading can be found in Borovsky et al. (2013). The mass
loading of the dayside local reconnection rate by the plasmasphere
has been confirmed via global-MHD computer simulations (Borovsky
et al., 2008; Ouellette et al., 2016) and via coordinated radar and in-situ
magnetospheric measurements (Walsh et al., 2014).
The warm plasma cloak flows Sunward through the dipolar magne-

tosphere and into the dayside magnetopause. The cloak is more dense
when geomagnetic activity is higher, when the solar UV flux (as proxied
by F10.7) is higher, and on the dawn side of the dipole more than
on the dusk side [cf. the properties of the oxygen torus (Nosé et al.,
2015; Nosé et al., 2020)]. Unlike the plasmaspheric drainage plume,
which can be narrow, the cloak flows into the dayside reconnection
line across most of the dayside magnetopause. The mass–density of the
cloak ions near the magnetopause is not well known. In-situ spacecraft
surveys (Jahn et al., 2017; Gkioulidou et al., 2019) indicate that
the O+ number density is Ì1 cm*3 in the outer dayside magneto-
sphere, yielding total mass–densities (with He+ and H+) of ⇢m Ì 20

amu/cm3. Ultra-low-frequency (ULF) sounding from equatorial space-
craft (Takahashi et al., 2010, 2014; Denton et al., 2011, 2014) indicates
considerable variability of the dayside mass–density. Borovsky et al.
(2013) analyzing ULF sounding results came up with the rule of thumb
for the 8 - 12 local time region that if the solar F10.7 index is low,

mass–densities ⇢geo Ì 3–15 amu/cm3 are found, and if F10.7 is high,
mass–densities ⇢geo Ì 15–100 amu/cm3 are found. At the upper end of
these mass–density values, the cloak ions certainly could globally re-
duce the dayside reconnection rate. A detailed assessment of the effect
appears in Borovsky et al. (2013). Fuselier et al. (2017) conducted a
survey of the impact of magnetospheric (plume and cloak) ions at the
magnetopause, using over five months of data (from September 2015
to March 2016) collected by the Magnetospheric Multiscale (MMS)
mission. They concluded that reductions of the reconnection rate by
more than 20% occur infrequently (a few percent of the time) during
weak geomagnetic activity. A follow-up study (Fuselier et al., 2019)
focusing on the warm plasma cloak during geomagnetically active times
concluded that the reconnection rate was reduced by more than 20%
in about 25% of the magnetopause encounters. This study, however,
also acknowledges the difficulty of capturing the full extent of the
reconnection-rate reduction during storms due to the fact that MMS
might not have observed the peak of the oxygen density and that these
events occurred during the declining phase of a weak solar cycle. Note
that earlier assessments argued that the substantial reduction of the
dayside reconnection rate by the magnetospheric plasma would only
occur during geomagnetic storms [e.g. Borovsky and Steinberg (2006),
Borovsky et al. (2013)].
The third population that is important for magnetospheric control

of the dayside reconnection rate is O+ in the ion plasma sheet, which
is also important during geomagnetic storms (Borovsky et al., 2013).
Since this is an overview of cold plasma effects, and the ion-plasma-
sheet oxygen is hot (multiple keV), this third population will not be
discussed.
An open controversy that particularly applies to the case of dayside-

reconnection mass loading by the plasmaspheric drainage plume is
whether reconnection increases outside of the plume region to maintain
the total reconnection rate on the dayside magnetosphere (Lopez,
2016; Ouellette et al., 2016; Zhang et al., 2016, 2017). The change
in the magnetosheath flow pattern caused by the localized reduction
in reconnection could result in changes in the magnetosheath mass–
density and field strength along other regions of the reconnection line,
resulting in changes in the localized reconnection rates.
In addition to mass loading, cold ions can also modify the mi-

croscopic physics of magnetic reconnection via modification of the
Hall physics. In essence, cold ions introduce an intermediate scale
(the cold ion gyroradius) in the diffusion region where hot ions are
demagnetized but cold ions and electrons are not. This results in a
reduction of the Hall current carried by the electrons (Toledo-Redondo
et al., 2015; André et al., 2016; Toledo-Redondo et al., 2018). Simu-
lations have shown that this effect occurs along the whole separatrix
region (Dargent et al., 2017). In general, the reduction of the Hall
current can lead to changes in the ions drift speed and affect local
drift instabilities (Toledo-Redondo et al., 2018), such as the ion–ion
drift instabilities associated with the formation of lower-hybrid drift
waves in the separatrix region (Graham et al., 2017). The peak Hall
electric field is also reduced, however Toledo-Redondo et al. (2018)
showed with kinetic simulations that this reduction is not accompanied
by significant changes in the potential drop across the Hall electric
field region. Finally, cold ions can be heated by waves and electric-
field gradients in the in-flow region as they cross the magnetospheric
separatrix. Cold ion heating is significant and has been estimated in
at least 10–25% of the total energy converted into ion heating by
reconnection (Toledo-Redondo et al., 2017). In terms of impact on the
local reconnection rate, recent kinetic simulations have shown that cold
ions affect the reconnection rate predominantly via mass loading and
not via kinetic effects (Dargent et al., 2017, 2020).
An outstanding issue about cold plasma and the dayside reconnec-

tion rate involves the lack of understanding of the mass–density of the
warm plasma cloak in the dayside magnetosphere and what controls
it. A quality survey of the ion composition and density of the cloak
as functions of local time and distance from the Earth in the dayside
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magnetosphere is needed, along with an understanding of the roles of
the time histories of the solar wind, geomagnetic activity, and solar
UV flux. Until such knowledge is gained, accurate predictions of the
strength of solar-wind/magnetosphere coupling cannot be made.

4.2. Magnetotail

Similarly to reconnection on the dayside magnetopause, reconnec-
tion in the magnetotail can be affected by mass loading. However, there
are several factors that differentiate reconnection processes in the tail
from those on the dayside: (i) the reconnection layer is nearly symmet-
ric; (ii) the equilibrium configuration, including plasma composition,
is determined by global magnetospheric dynamics and may depend on
the history of the system; (iii) the question of how and when magnetic
reconnection is initiated (the onset problem) is of considerable practical
significance; (iv) the question of how near-Earth reconnection turns off
once it has commenced is an outstanding issue.
Observations demonstrate that the composition of the plasma sheet

in the Earth’s magnetotail depends on both solar EUV radiation and ge-
omagnetic conditions. The ionospheric contribution to the plasma sheet
may originate from several regions, such as the ‘‘cleft ion fountain’’ or
from the nightside aurora. These contributions may contain significant
fluxes of O+, especially during geomagnetically active times [e.g. Nosé
et al. (2009), Mouikis et al. (2010), Maggiolo and Kistler (2014)].
Typical values for the O+/H+ ratio in the plasma sheet range from 0.01
to 0.5, but large deviations from these values are also possible (Kistler
et al., 2005). Ionospheric ion outflows from the cusp and polar cap
tend to be of lower energies: the polar wind is typically only a few
eV (Chappell et al., 1987). Ion outflows from the auroral zone, on the
other hand, can be in the keV energy range [e.g. Yau et al. (1985)].
One aspect of the problem concerns the impact of cold ions on

substorm onset. Several authors have performed test particle simu-
lations constrained by available observational data to determine the
magnetospheric dynamics of ionospheric cold-ion sources (Cully et al.,
2003b; Huddleston et al., 2005; Li et al., 2013a). Despite their limita-
tions, mostly associated with the choice of a particular model of the
magnetospheric electric and magnetic fields which could be inaccurate
away from Earth, these studies have shown that the ionosphere could
be the dominant source of charged particles of the magnetosphere and
have identified the acceleration mechanisms of ionospheric particles
drifting through the magnetosphere. Huddleston et al. (2005) indicate
that cold ionospheric ions can be accelerated to plasma sheet or ring
current energies depending on where they cross the neutral sheet.
Particles with equatorial magnetotail crossings closer to the Earth
experience less acceleration, as in the case of the particles that end
up forming the warm plasma cloak (Chappell et al., 2008). Some ion
outflows can also reach the plasma sheet experiencing relatively low
acceleration, Ì10-100 eV (Cully et al., 2003b; Huddleston et al., 2005;
Li et al., 2013a). Observations have indeed confirmed the presence
of low-energy cold/warm ions coexisting with the traditional plasma
sheet populations (Seki et al., 2003; Thomsen et al., 2003). Seki et al.
(2003), for instance, show a Geotail event in eclipse, at XGSM Ì

*9RE (in geocentric solar magnetic coordinates, with RE the Earth’s
radius), characterized by few-hundred eV ions with density Ì 0.2

cm*3 comparable with the density of ions in the 1 * 20 keV range.
In principle, these cold/warm ion populations could mass load near-
Earth tail reconnection, particularly for those rare events that occur
closer to geosynchronous orbit (Angelopoulos et al., 2020). However,
whether there is sufficiently high cold-ion density at distances that
are relevant to typical near-Earth tail reconnection (Ì 15RE) remains
an open question. Similarly, colder ions could in principle also affect
the Hall microphysics of near-Earth tail reconnection but whether this
effect could really be important remains unclear.
On the other hand, significant attention has been paid to the possi-

ble influence of (mostly warm) heavy ions on substorm onset. Since the

electron tearing mode is expected to be stable in a magnetotail config-
uration due to the presence of a magnetic field component normal to
the current sheet, the ion tearing instability has long been considered
as a possible mechanism of reconnection onset (Schindler, 1974). For a
given thickness of the current sheet, the growth rate of the ion tearing
mode increases with the ion gyroradius and, consequently, with the
ion mass. Based on these considerations, Baker et al. (1982) proposed
that the growth rate of the ion tearing mode is locally enhanced in
those regions of the plasma sheet where the density of O+ ions is
enhanced and demonstrated that the statistical distribution of the dusk–
dawn asymmetry of such enhancements is consistent with substorm
observations [see also Frey (2004)]. However, a long-term study using
16 years of Geotail data reported by Nosé et al. (2009) found no
correlation between plasma sheet ion composition and the substorm
occurrence rate.
More recently, Liu et al. (2013b) used Cluster data to monitor

how the maximum magnetotail pressure and its rate of change dur-
ing substorms depend on the O+ content of the plasma sheet. They
demonstrated that both the pressure and the rate of pressure decrease
are strongly correlated with the density of O+. Based on these ob-
servations, Liu et al. (2013b) proposed that an increased O+ content
makes it more difficult to trigger the substorm onset. However, once
triggered, the unloading rates appear to be positively correlated with
the O+ content [see also Kistler et al. (2006)].
These observations have proven difficult to reconcile with simula-

tions. For example, Shay and Swisdak (2004) performed a three-fluid
reconnection simulation and concluded, in general agreement with
a symmetric form of Eq. (1), that the presence of O+ reduces the
reconnection rate and that the expansion phase of substorms will take
longer to occur or will reconnect less lobe field in the same amount
of time. Similar conclusions were reached by Karimabadi et al. (2011)
based on the results of particle-in-cell simulations [see also Markidis
et al. (2011)]. They also demonstrated that O+ ions have an appreciable
effect on the reconnection onset only if they carry a significant portion
of the cross-tail current. One of the ways lobe O+ could be assimilated
into the current sheet is through the ‘‘flushing’’ mechanism — once
reconnection begins, lobe O+ ions are quickly assimilated into the
current sheet (Karimabadi et al., 2011).
Taken together, existing observations and theoretical and numerical

analysis paint a rather complicated picture of the influence of heavy
ions, and in particular of O+, on magnetic reconnection in the tail.
[See also Brambles et al. (2011); Ouellette et al. (2013) and Kolstø
et al. (2020).] The ion composition of the plasma sheet in the tail
depends on several factors, including geomagnetic activity, EUV flux,
and the history of the system. While the presence of O+ decreases local
reconnection rates, a delay in the onset of a substorm may allow for a
larger accumulation of thermal and magnetic pressure in the tail, which
may compensate for the decreasing Alfvén speed and result in a net
increase of the unloading rate.
Another longstanding question of magnetospheric physics has been

how near-Earth reconnection in the magnetotail ceases [cf. Sect. 2.2
of Borovsky et al. (2020)]. The ceasing of near-Earth reconnection
marks the end of the substorm expansion phase (Hesse and Birn,
2004). One candidate mechanism to shut off near-Earth reconnection
is the entry of mantle plasma into the near-Earth neutral line. Cusp
ionospheric outflows plus magnetosheath plasma entering the cusp are
both caught up in the advection of open magnetic-field lines from the
dayside reconnection site, over the polar cap, and into the lobes in the
magnetotail. Ions are free to move along the magnetic field lines so,
even if the plasma is initially warm (such as the ÌkeV temperature
of the magnetosheath), time-of-flight cooling of the plasma will occur
in the parallel-to-B direction (Rosenbauer et al., 1975). In the lobes,
the mantle ions appear as a cold, dense, field-aligned beam traveling
downtail. As substorm near-Earth reconnection progresses, it recon-
nects all of the field lines in the plasma sheet and begins to reconnect
lobe magnetic-field lines. Eventually, reconnection reaches the mantle
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plasma in the lobes where the high-density plasma can reduce (mass
load) the near-Earth reconnection rate and where the large downtail
momentum of the mantle ions can push the near-Earth neutral line
downtail.
In all, it is clear that further progress requires a global view of these

problems, supported by a comprehensive set of observations, as well as
by simulation tools capable of accurately describing global dynamics
of the magnetotail, transport of cold ions from the ionosphere into
the magnetotail, and their influence on the local reconnection process,
including the kinetics of the reconnection onset.

5. Kelvin-Helmholtz instability on the magnetopause

It is well known that Kelvin–Helmholtz waves occur on the Earth’s
magnetopause driven by the relative flow between the magnetosheath
plasma and the magnetospheric plasma (Farrugia et al., 2000; Kavosi
and Raeder, 2015). The Kelvin–Helmholz waves are capable of trans-
porting mass and momentum from the magnetosheath into the mag-
netosphere. For decades the Kelvin–Helmholtz instability has been
thought to be an important mechanism for the viscous interaction
between the solar wind and the Earth’s magnetosphere (Axford and
Hines, 2013), accounting for a residual level of magnetospheric convec-
tion and geomagnetic activity when dayside reconnection should not
be operating (Tsurutani and Gonzalez, 1995). The Kelvin–Helmholtz
instability on the magnetopause is probably important for mass en-
try of solar-wind plasma into the magnetosphere, wherein large-scale
Kelvin–Helmholtz waves on the magnetopause are believed to exchange
plasma parcels and that may lead to reconnection in the LLBL (Nykyri
and Otto, 2001; Cowee et al., 2010; Hasegawa et al., 2004; Masson and
Nykyri, 2018; Nakamura et al., 2017). Kelvin–Helmholtz waves on the
magnetopause are also suspected for producing ULF oscillations in the
interior of the magnetosphere (Claudepierre et al., 2008; Kozyreva and
Kleimenova, 2010).
The magnetospheric mass–density affects the onset conditions and

the growth rate for the Kelvin–Helmholtz instability on the magne-
topause (Walsh et al., 2015). Otto and Fairfield (2000) give the onset
condition of the instability to be

⌅
k �

�
vs * vm

�⇧2
>

⌧�
k � Bs

�2
+
�
k � Bm

�2� �
⇢s + ⇢m

�

4⇡⇢s⇢m
, (3)

where k is the wavevector, v is the flow velocity, B is the magnetic-
field vector, ⇢ is the plasma mass–density, and again the subscripts ‘s’
indicate the magnetosheath and ‘m’ indicate the magnetosphere. This
instability threshold contains the ratio

ÑR =
⇢s + ⇢m

⇢s⇢m
. (4)

The warm plasma cloak can substantially change the mass–density ⇢m
of the magnetosphere. Take ⇢s = 20 amu/cm3. If the magnetosphere
does not have a warm plasma cloak, then ⇢m Ì 1 amu/cm3 and ÑR Ì 1

cm3/amu. If the magnetosphere does have a cloak, then ⇢m Ì 10

amu/cm3 and ÑR Ì 0.15 cm3/amu. For the same values of k, v, and
B, the presence of the cloak plasma in the magnetosphere lowers the
threshold for the Kelvin–Helmholtz instability on the magnetopause by
a factor of about 7. Changing the threshold condition controls when and
where the Kelvin–Helmholtz waves are active on the magnetopause,
altering the strength of the viscous interaction and impacting the trans-
port of solar-wind plasma into the magnetosphere. We also note that
finite compressibility effects tend to be stabilizing for Kelvin–Helmholtz
modes. For simple limiting cases previously considered in the literature,
this imposes an upper bound on the magnitude of the velocity jump
between the two sides of the interface in Eq. (3) that depends on
the sound speed [e.g. Miura and Pritchett (1982)]. Mass loading the
interface with cold plasma may significantly affect the sound speed,
thus significantly affecting the range of the unstable modes.

6. Wave–particle interactions

In this section, we discuss the impact of cold electrons and cold ions
on wave–particle interactions.

6.1. Whistler waves

Whistler waves are right-hand polarized, electromagnetic emissions
with frequency between the lower hybrid frequency and the electron–
cyclotron frequency, i.e. 100 Hz to 30 kHz for conditions relevant to
the Earth’s magnetosphere. They are ubiquitous and play a major role
in determining the dynamics of the near-Earth environment through
wave–particle interaction physics (Thorne, 2010). They are typically
classified as chorus and hiss waves because of their somewhat different
properties (leading to a different sound when converted to audio), and
these two types of whistlers will be discussed separately in the next two
subsections.

6.1.1. Whistler-mode chorus waves
Whistler-mode chorus waves are discrete emissions often occurring

in two distinct bands, above and below half of the local electron
cyclotron frequency (Burtis and Helliwell, 1969; Tsurutani and Smith,
1974; Santolík et al., 2009; Li et al., 2013b). Chorus waves are excited
predominantly near the magnetic equator outside the plasmasphere
and in the nightside-to-morning sectors (Hayosh et al., 2010). They
come in a variety of forms, including rising and (less frequently)
falling tones (Santolík et al., 2004; Macú≤ová et al., 2010). They are
responsible for local acceleration (Summers et al., 1998; Meredith et al.,
2002, 2003b) and electron precipitation in the form of diffuse (Ni
et al., 2014) and pulsating aurora (Nishimura et al., 2010; Kasahara
et al., 2018) or microbursts (Oliven and Gurnett, 1968; Breneman et al.,
2017).
Chorus waves are believed to be generated by an electromagnetic

instability driven by temperature anisotropy (i.e. perpendicular tem-
perature larger than parallel temperature, where parallel and perpen-
dicular are relative to the local magnetic field) (Kennel and Petschek,
1966; Gary, 2005), which will be referred to as the cyclotron instability
in the following. On the nightside, they are associated with the injection
of hot (ÌkeV) electrons from the plasma sheet during substorms.
Chorus waves are strongly affected by the presence of a cold elec-

tron population (Cuperman and Landau, 1974; Gary et al., 2012b; Wu
et al., 2013; Cuperman et al., 1973), i.e. electrons whose thermal speed
is much lower than the phase speed of the whistler waves. This can be
easily understood by analyzing the role played by cold electrons on
the cyclotron instability that generates the waves. We specialize the
calculation to the case of an isotropic Maxwellian distribution function
of cold electrons (with density nc and temperature T c

e
⇤ 0) and a

bi-Maxwellian distribution function for the energetic electrons (with
density nh, parallel temperature T h

efl
and perpendicular temperature

T h
e⌅
). The background magnetic field B0 is along the z axis in a Cartesian

(x, y, z) reference frame. Starting from the classic dispersion relation of
kinetic plasma theory, neglecting the ion response and assuming that
the wave-vector k is aligned to the local magnetic field, k = kez (with
ez the unit vector along z), we obtain (Cuperman and Landau, 1974)

!2 * (ck)2 *
!2
pe,c

!

! * !ce

+
!2
pe,h

!

! * !ce

⇣Z(⇣ ) + A!2
pe,h

[1 + ⇣Z(⇣ )] = 0. (5)

In Eq. (5), ! = !r+i!i is the frequency of the waves (with !r and !i real
and imaginary parts), c is the speed of light, !pe,c (!pe,h) is the electron
plasma frequency calculated with the cold (hot) density, !ce is the
positive electron cyclotron frequency evaluated with the background
magnetic field, ⇣ =

!*!ce

kvh
tfl

, vh
tfl

=
t

2T h
efl
_me is the parallel thermal

velocity of the hot electrons (me is the electron mass), Z is the plasma

dispersion function (Fried and Conte, 1961), A =
T h
e⌅

T h
efl

* 1 is the hot
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temperature anisotropy, and we are considering the case where !i > 0

(i.e. the system is unstable) and !r, k > 0.
We consider Eq. (5) in the limit where the index of refraction

n = ck_! ∏ 1 and ⇣  ∏ 1. This allows us to neglect the first term
of Eq. (5) and to use the large-argument expansion of the plasma
dispersion function Z(⇣ ) [see Fitzpatrick (2014)]. With an ordering
where kdt

e
< 1 (dt

e
= c_!pe,t is the electron inertial length evaluated with

the total electron density nt = nc + nh), (kdte)
2 ~ 1 and !r ~ !ce, these

two conditions become an inequality for kdt
e
, kdt

e
~ min
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Note that for typical conditions relevant to chorus waves, !pe,t_!ce > 1

while T h
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is in the keV range so that
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to first order in !i and valid for !i_!r <

0
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. In Eq. (7) we have

introduced the resonant velocity

VR =
!r * !ce

k
, (8)

i.e. the velocity at which electrons are in resonance with the waves.
When nc = 0 (nh = nt), the growth rate (7) recovers the expression de-
rived in Kennel and Petschek (1966) and one can see that a sufficiently
large temperature anisotropy drives the instability, A > 1_

⇠
!ce

!r
* 1

⇡
.

Eq. (6) is the classic dispersion relation for whistler waves.
The role of the cold electrons becomes evident by looking at Eqs.

(6) and (7). The cold electrons often dominate the total density in the
system. Adding a cold electron component leads to a larger plasma
frequency !pe,t and a smaller electron inertial length dte. It follows that:

1. The cold electron density controls the properties of the waves,
Eq. (6): if we hold the wave frequency fixed, the wave-vector
k increases with the cold electron density. Hence, the phase
velocity and, most important, the group velocity of the waves
change. Fig. 1 shows the wave-vector (top left) of whistler waves
obtained by solving the full dispersion relation (5) for a case
where nh = 1 cm*3, T h

efl
= 2 keV, A = 4, B0 = 150 nT and the cold

density is varied parametrically between 0.01 and 100 cm*3.
Five values of the wave frequency !r are shown in Fig. 1 (top
left), confirming the considerations just made.
2. A corollary to the previous point is that the cold electrons lower
the minimum resonant energy: if the wave frequency is fixed, the
magnitude of the resonant velocity (hence the resonant energy)
decreases with the cold electron density. Note that this is a very
well known and important result (Kennel and Petschek, 1966;
Brice and Lucas, 1971) since the resonant energy is linked to
the energy of the electrons that could precipitate due to the
interaction with the waves.
3. The cold electrons affect the growth rate of the waves, Eq. (7).
The growth rate is decreased by the ratio nh_nt. If we hold
the wave frequency fixed, the decrease in the resonant velocity
can lead to both a decrease (through the term VR_vhtfl) or an
increase (through the exponential term) of the growth rate, so
that whether the growth rate decreases or increases depends on
the specific case. Fig. 1 (top right) shows the growth rate versus
cold electron density for the parameters discussed above and for
the values of the real frequency considered in Fig. 1 (top left).
For instance, for !r_!ce = 0.7 the effect of the cold electrons is
primarily to reduce the growth rate, while for !r_!ce = 0.4 the

growth rate peaks at nc Ì 10 cm*3 with !i_!ce Ì 0.047 (while
for nc = 0 the mode is practically stable). Fig. 1 (bottom left)
shows the growth rate versus cold electron density and wave-
vector kdt

e
, from which we can further appreciate that the cold

electrons control the range of wave-vectors that are unstable.
The maximum growth rate versus cold electron density is shown
in Fig. 1 (bottom right). For this particular set of parameters,
the maximum growth rate peaks at about nc Ì 1 cm*3 with a
Ì 10% increases over its value for nc = 0. Larger values of the
cold electron density decrease the growth rate and a sizeable
reduction is obtained for nc ¿ 20 cm*3 (corresponding to 95%
of the total density being carried by the cold electrons).
4. A corollary to the previous point is that the cold electron
density lowers the stability threshold of the cyclotron instabil-
ity (Cuperman and Landau, 1974). The value of hot temper-
ature anisotropy corresponding to marginal stability has been
parametrized with a power law dependence on the hot paral-
lel electron beta, whose coefficients depend on the cold elec-
tron density (Gary et al., 2012b). Note that the temperature
anisotropy marginal stability limit has indeed been observed for
whistler waves in the Earth’s magnetosheath (Gary et al., 2005),
at geosynchronous orbit (MacDonald et al., 2008) and outside
the plasmasphere where chorus waves typically reside (Yue
et al., 2016). To further illustrate this point, Fig. 2 shows the
growth rate of the whistler instability versus kdt

e
and nc and

for different values of the hot temperature anisotropy A. The
parameters are the same as those in Fig. 1, except that we have
changed T h

e⌅
to match the desired level of anisotropy. While for

the parameters of Fig. 1 (A=4) the system is strongly unstable
with nc = 0 and the cold electron density leads only to a small
increase of the growth rate for nc Ì 1 cm*3 before providing
strong stabilization, the situation is quite different for lower
values of A. For instance, for A=1 the system is practically
stable for nc = 0 (which, for the purpose of this discussion, we
define as having a growth rate less than 10*4!ce) and it becomes
unstable for nc Ì 10–50 cm*3, with !max

i
_!ce Ì 6 � 10*3. Taken

together with the decrease of the minimum resonant energy
induced by the cold plasma, these results form the basis for
active space experiments aimed at releasing a cold plasma to en-
able particle precipitation and substorm triggering. These ideas
were suggested in the seventies (Brice, 1970) and attempted in
the following decades (Krimigis et al., 1982; Bernhardt, 1992;
Haerendel, 2019; Borovsky and Delzanno, 2019).
5. By changing the growth rate, the cold electrons change the
saturation amplitude of the waves. Recent modeling works have
parametrized the saturation amplitude of the chorus waves, �B,
generated by the cyclotron instability but without including a
cold-electron population (Tao et al., 2017; An et al., 2017). In
particular, Tao et al. (2017) used quasi-linear theory to show the
scaling of wave amplitude with the maximum linear growth rate,
�0m, obtaining (�B_B0)

2 Ì �0.76
0m
. We have performed Particle-

In-Cell (PIC) simulations of the cyclotron instability in order
to investigate the effect of a cold electron population on the
saturation properties of the waves. In this case, the anisotropic
hot electron population is defined by the bi-Maxwellian–Jüttner
distribution with T h

efl
= 6 keV, A = 1, and nh = 1 cm*3. When

present, the cold electrons are characterized by an isotropic
Maxwellian distribution with nc = 20 cm*3 and T c

e
= 30 eV. An

isotropic Maxwellian distribution of protons with np = nh + nc
and Tp = 30 eV is also included to maintain charge neutrality.
The runs were one-dimensional with the background magnetic
field B0 aligned with the computational domain. Fig. 3 shows
the time-dependent magnetic field fluctuation amplitude �B ob-
tained by two PIC runs, with and without cold electrons. One can
see that for these parameters the presence of cold electrons sig-
nificantly increases the growth rate and the saturation amplitude
of the waves.
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Fig. 1. (Top left) k wave-vector versus cold electron density for selected wave frequencies; (top right) growth rate versus cold electron density for the same wave frequencies of
top left; (bottom left) growth rate versus cold electron density and wave-vector kdt

e
; (bottom right) maximum growth rate versus cold electron density, for whistler waves created

by the cyclotron instability. Other parameters are nh = 1 cm*3, T h
efl

= 2 keV, A=4 and B0 = 150 nT.

In summary, while the free energy for the generation of chorus
waves is provided by the keV electron population, the cold electrons
control all the properties of the generated waves: frequency, growth
rate and saturation amplitude.
While so far we have focused the discussion on the generation of

the chorus waves, the same arguments made above for Eq. (6) imply
that the cold electrons control the propagation of the waves in regions
where they dominate the total density. Once again, as the waves prop-
agate away from their generation region with constant frequency, the
wave-vector changes in response to changes in the local plasma density
and this changes the group velocity of the waves and their propagation
trajectories. In order to make these arguments more concrete, let us first
note that the equations of geometric optics (i.e. ray-tracing) (Bernstein,
1975; Swanson, 2003; Tracy et al., 2014) are often used to study the
propagation of wave packets in the inhomogeneous magnetospheric
plasma (Horne, 1989):

dx

dt
= *

)D

)k

)D

)!

, (9)

dk

dt
=

)D

)x

)D

)!

, (10)

where t is time, x is the position of the wave packet (or ray), k is the
wave-vector and D is the dispersion relation for a given plasma model.
The right-hand-side of Eq. (9) is the group velocity. For oblique whistler
waves, a form of the dispersion relation is given by

D(k
⌅
, kfl,!) = ! *

c2!ce

!2
pe,t

kfl

t
k2
⌅
+ k2

fl
= 0, (11)

which is the generalization of Eq. (6) [but still valid in the limit of⇠t
k2
⌅
+ k2

fl
dt
e

⇡2

~ 1]. Here subscripts ⌅ and fl refer to perpendicular

and parallel to the background magnetic field, which is still oriented
along the z axis. For illustration purposes, let us consider a simple
model with a constant magnetic field and an inhomogeneous back-
ground density along the field, nt = n0g(z) with g(0) = 1. From Eq. (10),
since there is no dependence of the dispersion relation on x and y, it is
easy to see that a given ray propagates with constant k

⌅
. The dispersion

relation (11) then trivially gives

kfl

t
k2
⌅
+ k2

fl
= C0g(z) (12)

with C0 a constant [one can also verify that this is the solution of Eqs.
(9) and (10)]. Eq. (12) shows how density gradients affect wave prop-
agation: since k

⌅
is constant, a wave packet moving towards a positive

(negative) density gradient becomes more (less) field aligned. From the
nature of the dispersion relation (11), one can also infer that a positive
magnetic field gradient would make the wave packets more oblique. In
addition, density (and magnetic field) gradients can focus/defocus the
waves, changing the wave amplitudes. Damping effects are also very
important in determining wave amplitudes. Warmer electrons (with
energy above 100 eV) are typically responsible for Landau damping of
the chorus waves (Bortnik et al., 2007; Chen et al., 2013), with thermal
effects associated with cold electrons or ions becoming important only
near resonances (Maxworth and Golkowski, 2017). [Note, however,
that recent work suggests the possibility for new couplings between
cold electrons and whistler waves where thermal effects are very im-
portant (Roytershteyn and Delzanno, 2021)]. In general, ray-tracing is
commonly used in magnetospheric modeling [see for instance Starks
et al. (2008), Bortnik et al. (2008), Kulkarni et al. (2008), Bortnik
et al. (2009), Chen et al. (2012), Crabtree et al. (2012), Maxworth and
Golkowski (2017), Starks et al. (2020), Colpitts et al. (2020) for some
applications to whistler waves] and the importance of the background
density model is well established.
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Fig. 2. Growth rate versus cold electron density and wave-vector kdt
e
, for different values of the hot electron anisotropy A. Other parameters are nh = 1 cm*3, T h

efl
= 2 keV, and

B0 = 150 nT.

It is important to emphasize that the wave properties, including
amplitude, control the wave–particle scattering and energization rates.
For instance, recall that in quasi-linear theory the resonant diffusion
coefficients scale as

�
�B_B0

�2 (Walt, 1994). Hence, either at the level
of wave generation or through wave propagation, the cold electrons
control the most important properties of the whistler waves, with strong
implications on the dynamics of the plasma sheet, ring current, and
radiation belts.

6.1.2. Whistler-mode hiss waves
Whistler-mode hiss waves are incoherent, broadband emissions

mostly found in the plasmasphere (Dunckel and Helliwell, 1969; Russell
et al., 1969; Thorne et al., 1973; Hartley et al., 2018) and in plasma-
spheric plumes (Chan and Holzer, 1976). They can be generated by
different mechanisms such as lightning (Sonwalkar and Inan, 1989) or
by chorus waves entering the plasmasphere after reflection at high lat-
itudes (Bortnik et al., 2008, 2009; Chen et al., 2012). Some fraction of
hiss waves might also be generated by the cyclotron instability (Laakso
et al., 2015). In general, however, the origin of hiss waves remains an
open question [see for instance the discussion in Ripoll et al. (2020)].
Hiss waves are mainly associated with the decay of the radiation belts
and particularly with the formation of the slot region via pitch-angle
scattering (Lyons et al., 1972).
For the hiss waves associated with the cyclotron instability (either

directly or indirectly through chorus), the same considerations made
in Section 6.1.1 for chorus waves still apply. In all cases, including
hiss generated by lightning or very-low-frequency (VLF) whistler waves
generated by powerful ground-based transmitters, the cold electron
density (including density ducts discussed in Section 6.5) is critical
for the propagation of the waves and their trapping in the plasmas-
phere. For instance, Chen et al. (2012) used ray-tracing simulations to
investigate parametrically the effect of the cold plasma density on the

Fig. 3. Amplitude of magnetic fluctuations �B in PIC simulations of the time-
dependent whistler wave amplitude. The simulations include an anisotropic hot electron
population with bi-Maxwellian–Jüttner distribution with T h

efl
= 6 keV, A = 1, and

nh = 1 cm*3. For the simulation with cold electrons, the cold electron population is
Maxwellian with temperature T c

e
= 30 eV and density nc = 20 cm*3 and an isotropic

Maxwellian population of protons with Tp = 30 eV and np = 21 cm*3 was also
included to maintain charge neutrality. The insert shows the same figure, but with
time normalized to the respective growth rate !i observed in each simulation. The
simulations were one-dimensional, with the background magnetic field B0 aligned with
the computational domain.

formation of hiss waves from the evolution of chorus waves, showing
the key role played by the trough density distribution in regulating
the peak hiss intensity. Agapitov et al. (2020) used Van Allen Probes



Journal of Atmospheric and Solar-Terrestrial Physics 220 (2021) 105599

11

G.L. Delzanno et al.

data to show how the spatio-temporal variations of the electron plasma
frequency to cyclotron frequency ratio are one of the factors that
controls MeV-electron scattering rates from plasmaspheric hiss.

6.2. EMIC waves

EMIC waves are discrete electromagnetic emissions occurring in
three distinct bands below the local cyclotron frequencies of H+, He+

and O+. EMIC waves are predominantly left-hand polarized and their
frequency is between 0.1 and 5 Hz in the Earth’s magnetosphere.
They occur primarily in the afternoon sector (often with prevalence
of the He+ band, which can also have more power relative to the
other bands) and on the dayside (with prevalence of the H+ band),
although the O+ band occurrence peaks in the morning sector and
some differences exist in EMIC statistics between the inner and outer
magnetosphere (Min et al., 2012; Usanova et al., 2012; Keika et al.,
2013; Saikin et al., 2015). EMIC waves lead to pitch-angle scattering
and precipitation of ring current ions (Jordanova et al., 2007) and
radiation belt electrons (Meredith et al., 2003c). A recent review that
discusses EMIC waves in the context of radiation belt losses is given
by Blum and Breneman (2020).
EMIC waves are also believed to be generated by the cyclotron

instability driven primarily by keV proton populations (Cornwall, 1965;
Kennel and Petschek, 1966). On the dayside, this is associated with so-
lar wind compression (Usanova et al., 2012; Keika et al., 2013). On the
dusk side in the inner magnetosphere, this is associated with injection
of plasma sheet ion populations overlapping with the plasmaspheric
densities (Halford et al., 2010). Therefore, the same considerations
made for chorus waves are also applicable for EMIC waves, with cold
ions playing a critical role in the generation of EMIC waves. The effect
of cold ions on the cyclotron instability has been studied with linear
theory (Gary et al., 1994; Chen et al., 2011; Gary et al., 2012a; Lee
and Angelopoulos, 2014a) and linear-theory results have been used
as a proxy of EMIC activity with geosynchronous orbit data (Blum
et al., 2009). Lee and Angelopoulos (2014a) have used linear theory to
interpret EMIC wave events at various local times, highlighting the role
of cold ions in lowering the threshold for instability and of warm cloak
ions in producing damping. An association between the cold oxygen
torus and EMIC waves has also been recently made using spacecraft
observations (Nosé et al., 2020).
Similar considerations to what has been discussed for whistler

waves also apply to wave propagation, with a number of ray tracing
studies showing the importance of the cold plasma in determining the
properties of EMIC waves. This includes highlighting the role of density
gradients to enhance wave growth (Thorne and Horne, 1992; Horne
and Thorne, 1994; Chen et al., 2009) and showing, consistent with
observations (Anderson et al., 1992; Min et al., 2012), that EMIC waves
can become linearly polarized as they propagate at higher latitudes in
the inhomogeneous magnetospheric plasma (Horne and Thorne, 1994).
However, when compared with whistler waves, there are some im-

portant differences with regard to the role played by cold ions for EMIC
waves that need to be emphasized. First of all, the ion composition is
critical to determine the properties of the EMIC waves and, in turn, the
resonant energy for strong interaction between the waves and the local
particle populations. In general, the cold magnetospheric plasma with
multiple ion species features stop bands at the local gyrofrequencies of
He+ and O+. Hot plasma effects can, however, eliminate the He+ stop
band, as shown by Chen et al. (2011). Furthermore, the presence of an
isotropic population of cold and dense He+ ions can lead to instability
of both H+ and He+ bands (Chen et al., 2011; Gary et al., 2012a) and,
in general, composition and hot plasma effects, particularly near the
He+ gyrofrequency, profoundly affect the conditions for instability and
the property of the unstable modes (Chen et al., 2011). Second, ob-
servations have shown strong perpendicular heating of He+ ions, from
cold/thermal (ÌeV) to warm/suprathermal (hundreds of eV) energies,
associated with the presence of EMIC waves (Young et al., 1981; Roux

et al., 1982). Some works used linear theory to make a qualitative
association of cold-ion heating with strong cyclotron damping of the
EMIC waves (Chen et al., 2011). Simulation studies with both hybrid
and test-particle approaches have allowed a more in-depth analysis of
the processes involved in cold-ion heating, showing that cold ions are
scattered non-resonantly and experience strong phase bunching (Omidi
et al., 2010; Bortnik et al., 2010; Omidi et al., 2013).
Note that EMIC waves can also interact very efficiently with cold

electrons, leading to cold-electron heating (Zhou et al., 2013; Yuan
et al., 2014). The interaction between oblique EMIC waves and cold
plasmaspheric electrons is one of the mechanisms that can lead to
ionospheric heating and the formation of stable auroral red arcs during
geomagnetic storms (Cornwall et al., 1971; Thorne and Horne, 1992).

6.3. Additional considerations on the coupling between whistler waves and
cold electrons and EMIC waves and cold ions

From the discussion so far, it is clear (and well recognized) that the
cold plasma density plays a crucial role in determining the properties of
whistler and EMIC waves, both for their generation and propagation.
We will refer to this as the ’density coupling’. Several cold plasma den-
sity empirical models based on in-situ and ground-based observations
exist for the inner magnetosphere [see the discussion by Reinisch et al.
(2009)]. These models are however limited in their ability to represent
accurately the plasmasphere (Ozhogin et al., 2014), particularly the off-
equator density, and might not be adequate for specific events. Thus,
there remains a strong need for better cold-plasma density models.
A very important open problem is associated with cold-plasma

heating and we wish to emphasize its implications for magnetospheric
dynamics. If the waves give energy to the cold plasma, they can
damp and lower their amplitude. This takes away energy that would
otherwise be available to energize or scatter ring-current particles or ra-
diation belt electrons. Moreover, the cold plasma and the higher-energy
particle populations can now become efficiently coupled by the waves.
We will refer to this as ’energy coupling’. The local properties of the
cold/warm plasma (i.e. its distribution function) strongly affect the en-
ergy coupling and must therefore be properly characterized, both with
measurements and in models. This also implies that magnetospheric
models need to include the cold plasma dynamically, through both
the mass–density and the energy distribution. This is something that is
not currently done: for instance, ring-current or radiation-belt models
include only the cold-plasma density (Jordanova et al., 2007, 2016).
While, as we have discussed above, cold-plasma heating by EMIC waves
has been demonstrated with observations and modeling, a similar as-
sociation between cold-electron heating and whistler waves appears to
have not yet been made conclusively. In this regard, however, we note
that recent work suggests that whistler waves can excite secondary,
kinetic instabilities in the cold electrons that lead to cold-electron
heating and damping of the primary whistler waves (Roytershteyn and
Delzanno, 2021). In summary, the non-linear energy couplings that
involve the cold plasma and the waves have not been fully explored and
might impose new, more stringent limits (relative to those set by the
density coupling alone) on the maximum wave amplitudes attainable
in the environment. In addition, they create new couplings with other
particle populations that are not yet accounted for in any existing space-
weather model. Given the importance of wave–particle interactions
in the dynamics of the near-Earth environment, accounting for the
full density and energy couplings of the various higher-energy particle
populations with the cold plasma appears a crucial next step towards
predictive modeling.

6.4. ULF waves

ULF waves in the Earth’s magnetosphere are few-minute-period
standing magnetohydrodynamics (MHD) waves (Walker, 1998,
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McPherron, 2005; Hartinger et al., 2013a), both shear and compres-
sional, associated with eigenfrequencies (resonances) of the mass
loaded dipole magnetic field lines. They are detected within the mag-
netosphere by spacecraft magnetic-field measurements (Kazue and
McPherron, 1984) or plasma flow measurements (Su et al., 1980;
Borovsky and Denton, 2016), and they can be detected from the ground
by magnetometer measurements (Kessel, 2008; Pahud et al., 2009) or
radar measurements (Wright and Yeoman, 1999). ULF waves can also
be detected optically from the ground via the ‘‘field-line-resonance’’
auroral arcs that they produce (Baddeley et al., 2017; Gillies et al.,
2018). Long-term hourly indices of magnetospheric ULF intensities are
available (Kozyreva et al., 2007; Romanova et al., 2007).
ULF wave intensity in the magnetosphere is greatly elevated during

geomagnetic storms (Kozyreva and Kleimenova, 2009, 2010; Borovsky
and Denton, 2016). The intensity of ULF waves in the magnetosphere
is well correlated with a number of solar-wind parameters [cf. Table 1
of Borovsky and Denton (2014)], in particular with the solar-wind
speed (Singer et al., 1977; Mathie and Mann, 2001), temporal varia-
tions in the solar-wind speed (Vassiliadis et al., 2007), and temporal
variations in the solar-wind dynamic pressure (Liu et al., 2010). Mag-
netospheric ULF waves can be driven by buffeting of the magnetosphere
by dynamic-pressure variations of the solar wind (Eriksson et al., 2006;
Shen et al., 2015), by Kelvin–Helmholz waves driven by magnetosheath
flow along the magnetopause (Mann et al., 1999; Claudepierre et al.,
2008), by the occurrence of hot flow anomalies and other foreshock
instabilities (Eastwood et al., 2011; Hartinger et al., 2013b), by kinetic
instabilities in the hot-ion population of the magnetosphere (Hughes
et al., 1978; Ozeke and Mann, 2008; Mager et al., 2013), and by
substorm injections (Zolotukhina et al., 2008; Yeoman et al., 2010).
Periodic density structures in the solar wind near the heliospheric
current sheet are particularly effective in producing magnetospheric
ULF oscillations (Viall et al., 2009; Kepko and Viall, 2019).
ULF waves play many roles in the solar-wind-driven magnetosphere–

ionosphere system. Of particular interest is the known connection
between the amplitude of magnetospheric ULF oscillations and the
energization of the electron radiation belt (Rostoker et al., 1998; Mathie
and Mann, 2000; Elkington et al., 2003; Borovsky and Valdivia, 2018).
A major role is the production of radial diffusion for radiation-belt
particles (Fälthammar, 1965; Ozeke et al., 2012), which redistributes
the radiation belts (Shprits et al., 2008) and the ring current (Mur-
phy et al., 2014) and which can energize particles in the diffusion
process (Degeling et al., 2011).
Enhanced ULF radial diffusion during magnetopause shadowing

events is thought to be critical for the sudden loss of outer-radiation-
belt electrons in the early phases of storms (Degeling et al., 2013).
Radiation-belt particles can be energized by drift-resonant interac-
tion with ULF waves (Elkington et al., 1999, 2003; Sauvaud et al.,
2013). Ring-current ions can also be resonantly energized by ULF
waves (Ozeke and Mann, 2008). There is evidence for the modulation
of electron–cyclotron waves (Liang et al., 2010) and chorus waves (Li
et al., 2011b; Jaynes et al., 2015) by compressional ULF waves to
produce pulsating aurora. It has been argued that compressional ULF
oscillations can produce EMIC waves (Fraser et al., 1992; Loto’aniu
et al., 2010), but also see Usanova et al. (2010). Other forms of
magnetospheric particle precipitation and ionospheric modification are
associated with magnetospheric ULF waves (Baddeley et al., 2017;
Gillies et al., 2018; Wang et al., 2020). Magnetospheric ULF waves
also produce perturbations in the ionosphere (Yizengaw et al., 2013;
Pilipenko et al., 2014; Vorontsova et al., 2016) and result in ionospheric
Joule heating (Rae et al., 2007; Hartinger et al., 2015).
Cold ions in the magnetosphere affect the mass–density ⇢ of the

magnetospheric plasma, which changes Alfvén speeds vA =
B˘
�0⇢

and the MHD eigenfrequencies of the dipole magnetic-field lines of
the magnetosphere. Changes in the cold-ion populations change the
frequencies of ULF oscillations (Takahashi et al., 2010, 2014; Denton
et al., 2011, 2014). The two magnetospheric populations of most

relevance are the plasmasphere and the cloak (oxygen torus), with their
highly variable mass–densities in the dipolar magnetosphere. Changing
the mass–density changes the locations where ULF waves can exist
and be driven (Poulter et al., 1988; Fraser et al., 2005; Claudepierre
et al., 2016). An example of this is the enhanced ULF activity at
the plasmapause and the refilling outer plasmasphere (Lanzerotti and
Surkan, 1974; Liu et al., 2013a), their amplitudes, and consequently
how ULF waves interact with the energetic-particle populations of the
magnetosphere. Cold-ion alteration of ULF waves impacts the evolution
of the radiation belts and the ring current.
Presently lacking is (a) knowledge of the cold-ion mass–density of

the magnetosphere, (b) knowledge of what controls that mass–density,
and (c) an ability to predict the mass–density.

6.5. Density ducts in the plasmasphere

In the plasmasphere, it is well known that field-aligned (electron)
number-density enhancements or depletions will duct whistler waves
along the magnetic field (Adachi, 1966; Carpenter, 1968; Angerami,
1970; Karpman and Kaufman, 1987). The field-aligned nature of the
electron-density ducts has been demonstrated using radio interferom-
etry (Jacobson et al., 1995, 1996; Hoogeveen and Jacobson, 1997),
and using total electron content Loi et al. (2015) visualized the plas-
maspheric network of underdense and overdense flux tubes aligned
with the geomagnetic field. Spacecraft measurements find typical duct
diameters of 100s to 1000s of km (Darrouzet et al., 2004), while
formation and decay lifetimes of whistler ducts inside of the plasmas-
phere may be Ì1 hr (Thomson, 1978; Singh et al., 2013). Spacecraft
observations have shown localized enhancements in the intensity of
whistler-mode hiss associated with localized enhancements in the elec-
tron number density (Chan et al., 1974; Koons, 1989; Kozyra et al.,
1994) and spacecraft observations have shown localized enhancements
in the intensity of whistler-mode chorus associated with both local-
ized enhancements and localized depletions in the electron number
density (Li et al., 2011a; Haque et al., 2011). The density ducts not
only guide the whistler waves, they also alter the convective growth
properties (Carpenter, 1968; Li et al., 2011b). Further, ducted versus
non-ducted whistler waves pitch-angle scatter radiation-belt electrons
to different degrees (Rodger et al., 2010).
Field-aligned ion density perturbations in the plasmasphere affect

the propagation and growth of EMIC waves (Chen et al., 2009; Mann
et al., 2014; Usanova et al., 2016). The number density of the plasmas-
pheric drainage plume is particularly structured (Borovsky and Denton,
2008; Matsui et al., 2012; Borovsky et al., 2014b) and there is evidence
for EMIC wave scattering in plumes (Spasojevi¢ et al., 2004; Fraser
et al., 2013; Yahnin and Yahnina, 2007; Borovsky et al., 2014a) and in
situ observations of EMIC waves in plumes or plume locations (Usanova
et al., 2013; Yuan et al., 2014; Halford et al., 2015; Grison et al., 2018).
Magnetosonic waves (ion-Bernstein waves) have been associated

with localized ion density depletions in the plasmasphere (Yuan et al.,
2017, 2018), not so much by ducting but rather by having instability
growth rates that depend on plasma densities.
A longstanding issue in magnetospheric plasma physics is the origin

of the density ducts in the plasmaspheric plasma. The formation of
ducts seems to be associated with convection: as soon as magneto-
spheric convection increases, the plasmasphere is observed to suddenly
become structured (Borovsky and Denton, 2008) and density ducts
have been observed to form when traveling ionospheric disturbances
pass (Loi et al., 2016). Ideas about the causes of the density ducts
include (1) interchange instabilities (Cole, 1971; Jacobson et al., 1996;
Pierrard and Lemaire, 2004; Buzulukova et al., 2008), (2) thunderstorm
electric fields (Park and Helliwell, 1971; Rodger et al., 1998), (3) iono-
spheric feedback (Park and Banks, 1974), and (4) ULF waves (Adrian
et al., 2004). For density structures near the plasmapause, the drift-
wave instability (Hasegawa, 1971) and the pressure-gradient instabil-
ity (Richmond, 1973) have been considered. The lack of understanding
of the formation mechanisms and controlling factors for plasmaspheric
ducts contributes to our incomplete understanding of the evolution of
the electron radiation belt.
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7. Aurora structuring

7.1. Pulsating aurora

Pulsating aurora are slowly drifting irregularly shaped patches of at-
mospheric airglow that blink on and off on timescales of 2 - 20 s (Cress-
well, 1972; Johnstone, 1978; Lessard, 2013; Partamies et al., 2017b;
Nishimura et al., 2020). The various patches have asynchronous blink
periods (Scourfield et al., 1972; Nishiyama et al., 2012) and there are
higher-frequency modulations to the airglow (Kataoka et al., 2012).
Pulsating aurora occur most frequently in the midnight-to-dawn local-
time sector after the occurrence of a substorm (Royrvik and Davis,
1977). An interval of pulsating aurora can last for hours (Jones et al.,
2011) with the individual patches slowing evolving (Partamies et al.,
2019). Pulsating aurora is an example of an emergent phenomenon in
the complex system of the magnetosphere and ionosphere (Borovsky
and Valdivia, 2018), something that would not be predicted from an
understanding of the individual parts of the system alone.
The blinking airglow of pulsating aurora is caused by temporal

variations in the flux of electrons precipitating from the magneto-
sphere (McEwen et al., 1981). The energies of the precipitating elec-
trons are typically in the range of keV to 10s of keV (Sato et al., 2004;
Miyoshi et al., 2015), but the precipitating energy can also be lower
than these values (Liang et al., 2016) or higher than these values into
the relativistic energy range (Østgaard et al., 1998; Miyoshi et al.,
2015). The backscattering of precipitating energetic electrons off of
the atmosphere and the production of low-energy secondary electrons
from the atmosphere, and the bouncing of those backscattered and
secondary electrons between the northern and southern hemispheres, is
also thought to play a role in pulsating structured aurora [e.g. Samara
et al. (2017)].
Pulsating aurora have been correlated with temporal variations in

the intensity of whistler-chorus waves in the magnetosphere (Nishimura
et al., 2010; Ozaki et al., 2015) and with temporal variations in
the intensity of electrostatic electron–cyclotron waves in the mag-
netosphere (Liang et al., 2010; Fukizawa et al., 2018), those two
types of waves acting to pitch-angle scatter magnetospheric electrons
into the atmospheric loss cone. Pulsating aurora have also been con-
nected to electrical time-domain electric-field structures in the mag-
netosphere (Mozer et al., 2017a), which can also pitch-angle scatter
electrons. It is important to understand pulsating aurora and the
temporally varying waves that cause it: these are the same waves
that energize the radiation-belt electrons (Meredith et al., 2003a), that
pitch-angle scatter the radiation belt electrons (Glauert and Horne,
2005), and that produce microbursts (Thorne et al., 2005; Saito et al.,
2012) that can affect atmospheric chemistry (Clilverd et al., 2009;
Turunen et al., 2016) and atmospheric electricity (Rodger et al., 2007;
Borovsky, 2017).
An individual evolving pulsating patch has a lifetime of 10 min or

so (Humberset et al., 2016; Partamies et al., 2019). The patches of pul-
sating aurora drift at approximately the EùB drift velocity (Scourfield
et al., 1983), eastward in the post-midnight region of local time and
westward in the premidnight region of local time (Yang et al., 2017) as
expected for magnetospheric convection from nightside to the dayside.
Because of the drifting at approximately the E ù B drift speed, the
spatial structuring of pulsating aurora has been inferred to be related
to a structuring of cold electrons in the magnetosphere (Oguti, 1976;
Scourfield et al., 1983; Nemzek et al., 1995). If one could spatially
structure the hot plasma in the dipolar regions of the magnetosphere,
the variations in gradient-and-curvature drift speeds in the velocity
distribution function would lead to a smearing out of the spatial
structure as the particles drift. It is well known that whistler waves
can be ducted by field-aligned electron-density structures (Haque et al.,
2011; Li et al., 2011a). Theories of the pulsating aurora typically are
based on a high-frequency plasma wave living in the cold plasma driven
by hot electrons drifting through the cold-plasma structure (Johnstone,

1978; Davidson, 1990; Demekhov and Trakhtengerts, 1994). Detailed
observations of ionospheric-electron heating in pulsating aurora have
led to evidence for a cold plasma population in the magnetosphere
associated with the pulsating aurora (Liang et al., 2017, 2018).
Attempts to measure the cold-electron population in the magneto-

sphere when a spacecraft is magnetically connected to pulsating aurora
are generally hindered by the overwhelming population of spacecraft-
generated photoelectrons and secondary electrons [e.g. Suszcynsky
et al. (1997)]. Nishimura et al. (2015) have seen modulations of the
equatorial cold-ion number density (< 100 eV, a proxy for the cold-
electron number density) in locations in the nightside plasma sheet
that were magnetically connected to observed pulsating aurora in the
atmosphere. The cold-ion densities observed were on the order of
0.1 cm*3, considerably lower than the ambient hot-ion and hot-electron
densities of the plasma sheet.
The origins of the magnetospheric cold electrons, the cause of

the spatial structure of those electrons, and what controls both are
not understood. One possibility is a feedback between auroral elec-
tron precipitation and ionospheric plasma outflow that could produce
spatially-structured outflows (Liang et al., 2015). However, without
direct observations of these cold electrons, progress on understanding
their origins and control will be uncertain. This also means a hindrance
to understanding pulsating aurora. Further, without understanding the
control of these cold electrons, the control of chorus and electro-
static electron–cyclotron waves are not understood and so there is an
incomplete understanding of the evolution of the electron radiation
belt.

7.2. Structured dayside aurora

Several types of structured aurora are found in the dayside region
of local time (Frey et al., 2019; Nishimura et al., 2020). These dayside
structured aurora have been much less studied than nightside aurora
have and less is known about dayside structuring.
Diffuse patches of aurora in the dayside are known to be associated

with magnetospheric spatial variations in the cold/warm plasma den-
sity and spatial variations in the chorus-wave intensity [cf. Nishimura
et al. (2013) for an example with �n Ì 1 cm*3 density variations on
a n Ì 1 cm*3 baseline number density]. Localized density enhance-
ments with correlated chorus-wave-intensity enhancements are seen
throughout the dayside magnetosphere (Li et al., 2011b).
‘‘Stripy aurora’’ are seen in the noon region of local time. These

stripy aurora are thought to be associated with spatially structured
cold plasma in the dayside magnetosphere [e.g. Han et al. (2015,
2017)]. The flux tubes of the stripy aurora correspond to regions of
the magnetosphere where the cloak plasma is expected to exist.
Another dayside auroral feature hypothesized to connect with mag-

netospheric cold plasma is the quasi-stationary auroral patch observed
in the upper atmosphere at the South geographic pole. Ebihara et al.
(2007) hypothesize that a mini plasmasphere of cold plasma can form
in the dayside magnetosphere on magnetic-field lines connected to the
southern geographic pole, scattering hot magnetospheric electrons into
the atmospheric loss cone to produce the very-long-lived auroral patch
at the South Pole.

7.3. Giant undulations at the plasmapause

The low-latitude edge of the diffuse aurora in the atmosphere cor-
responds to the inner edge of the electron plasma sheet in the nightside
magnetosphere (Lassen, 1974; Gussenhoven et al., 1983) and the inner
edge of the electron plasma sheet is often co-located with the plasma-
pause (Horwitz et al., 1982; Fairfield and Vinãs, 1984; Elphic et al.,
1999), the outer boundary of the cold, dense plasmasphere. (When they
are not co-located, the spatial gap between the plasmapause and the
Earthward edge of the electron plasma sheet is known as the ‘‘remnant
layer’’ [cf. Galperin and Feldstein (1996)].) The equatorward edge of
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the aurora is nominally smooth and relatively unstructured, however
during times of high geomagnetic activity wave-like undulations on the
low-latitude boundary of the aurora can develop in the pre-midnight to
afternoon sector. The undulations have wavelengths of Ì 200–900 km
and amplitudes of Ì 40–400 km (Lui et al., 1982; Providakes et al.,
1989; Mendillo et al., 1989; Murphree and Johnson, 1996; Baishev
et al., 2000; Henderson et al., 2010; Baishev et al., 2012). When the
amplitudes of these undulations are similar to their wavelength, they
are called ‘‘giant undulations’’. These structures were first discovered
by Lui et al. (1982) using auroral imagery from the DMSP spacecraft. By
examining sequential orbital passes, Lui et al. (1982) were able to deter-
mine that giant undulations can persist over timescales of 0.5–3 hours.
Subsequent studies have also established that the optical undulations
tend to propagate Sunward along the equatorward auroral boundary
with phase speeds of Ì 540–700 km/s (Nishitani et al., 1994; Baishev
et al., 2000; Henderson et al., 2010). Ground magnetic perturbations
in the Pc5 range have also been detected in response to the passage
of giant undulations overhead (Baishev et al., 2000; Henderson et al.,
2010).
An example of giant undulations is shown in Fig. 4. The full-

Earth image was taken on 9 November, 1998 at 10:09:35 UT by the
VIS/Earth Camera instrument on board the NASA POLAR spacecraft.
In the figure North is up and the direction to the Sun is off to the
upper left as indicated by the dayglow visible on the Earth. The black-
and-white image overlayed on top of the POLAR image is from a
DMSP/OLS imager at low Earth orbit taken at approximately the same
time. The spatial resolution of the DMSP image is quite high and
clearly reveals a series of very well-developed giant undulations on the
duskside of the equatorward boundary of the optical aurora. Note that
giant undulations are different from omega bands (Henderson, 2013;
Partamies et al., 2017a), which are typically located farther poleward in
the region where auroral streamers and auroral torch structures form.
The generation mechanism for giant undulations is thought to result

from a shear-flow interaction between hot plasma sheet flows and the
cold-dense plasmasphere (Kelley, 1986; Viñas and Madden, 1986). At
the duskside plasmapause cold plasmaspheric plasma corotates with
the Earth and is flowing tailward while hot plasma-sheet ions flow
Sunward from the magnetotail under the combined EùB and gradient-
and-curvature drifts. Thus, at the dusk-side plasmapause the warm ion
plasma sheet flow opposes the flow of the cold plasmasphere. This
is a classical shear-flow geometry that can potentially excite Kelvin–
Helmholtz-type surface waves. Although this ion flow geometry persists
in the inner magnetosphere, auroral undulations are not seen all the
time on the plasmapause because the strength of the shear is typi-
cally not large enough (Kelley, 1986; Viñas and Madden, 1986). The
fact that hot plasma-sheet ions penetrate closer to the Earth on the
dusk-side than do the hot plasma-sheet electrons results in a complex
feedback between the ionosphere and magnetosphere whereby a strong
localized charge-separation electric field produces a Sunward E ù B

enhancement of the ion flow. This process is illustrated in Fig. 5. Ions
penetrating Earthward of the electrons cause a field-aligned current to
flow downward (along magnetic field lines) into the ionosphere where
it is diverted northward through the resistive ionosphere towards the
auroral region and then back out to the magnetosphere as an upward
field-aligned current. The ionospheric part of this current loop, in the
sub-auroral region, passes through a region where the ionospheric
conductivity is low due to lack of precipitating auroral electrons. To
maintain current continuity, a northward ionospheric electric field
strengthens in this region. This strong ionospheric electric field maps
out along magnetic-field lines and drives very strong and localized EùB
ion flow channels in the magnetosphere called sub auroral polarization
streams (SAPS) (Foster and Burke, 2002). These ‘‘SAPS flows’’ produce
much stronger shears between hot and cold populations than the
nominal Sunward plasma sheet flows do — especially during geomag-
netically active time periods. Thus, SAPS are a fundamentally important

aspect of the dynamics of the plasmapause and its magnetosphere–
ionosphere feedback. As discussed by Kelley (1986), enhanced SAPS
flows are far more likely to produce Kelvin–Helmholtz-type waves on
the plasmapause boundary that can then lead to giant undulations of
the auroral boundary. The intermittent presence of SAPS would also
explain why giant undulations are not always observed. The association
of strong SAPS flows with the formation of giant undulations was
confirmed by Henderson et al. (2010), who studied a giant-undulation
event from start to finish using global auroral imaging from the POLAR
and IMAGE spacecraft together with in-situ SAPS observations from
the DMSP spacecraft. A theory of giant undulation formation was
presented by Viñas and Madden (1986) in terms of a combined shear-
flow ballooning instability analysis. However, the theory suffers from a
number of over-simplifications and sufficient observational constraints
were not well established at the time. Other theoretical studies have
been performed since [e.g. Lakhina et al. (1990), Satyanarayana et al.
(1987), Wang and Pritchett (1989)], but to date, none have provided
a robust analytical theory that takes into account all of the important
physics.
It is also possible that the intermixed dynamics of the cold and

hot plasma at the plasmapause might be related to other supposedly-
unrelated phenomena such as STEVE emissions (MacDonald et al.,
2018; Gallardo-Lacourt et al., 2018) and long-lived drainage plumes
(Borovsky et al., 2014b) and we present some discussion of these ideas
in the next paragraph.
Recent studies have shown that interesting airglow structures called

STEVE emissions can develop in the pre-midnight sub-auroral re-
gion (MacDonald et al., 2018; Gallardo-Lacourt et al., 2018). It has
been demonstrated that: (1) giant undulations are driven by SAPS (Hen-
derson et al., 2010); (2) the region where auroral giant undulations
form can become rapidly disrupted (Henderson et al., 2018); (3) some
giant undulations can lead to the formation of detached emission
regions equatorward of the main auroras (Henderson et al., 2018);
(4) the development of STEVE emissions is closely related to strong
SAPS flows (Nishimura et al., 2019); and (5) long-lived plasmas-
pheric drainage plumes occur during sustained geomagnetic distur-
bances (Borovsky et al., 2014b). Plasmaspheric drainage plumes are
associated with enhanced SAPS flows [e.g. Goldstein et al. (2003)].
These observations taken together suggest a common physical mech-
anism. One hypothesis is that an actual disruption of the plasmapause
can occur, instead of just waves forming there. The disruption of the
plasmapause surface would lead to cold dense plasma from the plas-
masphere moving radially outward to become entrained into the open
drift regions feeding the drainage plume, while hot plasma sheet plasma
formerly outside of the plasmapause would become entrained in the
plasmasphere. The main driver of SAPS flows are substorm injections
of hot plasma from the tail and these occur every few hours during
active times; hence it is possible that repeating abrupt disruptions of
the plasmapause may occur for days to feed quasi-periodic bursts of
cold plasma into the drainage plume structures. This radial transport
of cold plasmaspheric plasma via giant undulations might explain the
observations of ‘‘long-lived’’ drainage plumes, which are plumes that
persist for times much longer than could be explained by E ù B-drift
drainage of the outer plasmasphere (Borovsky et al., 2014b).

8. Additional probable impacts of cold electrons and ions

In this section we discuss some additional probable impacts of cold
electrons and cold ions that have not yet received much attention.

8.1. Refilling-process ions and electrons in the outer dipole

It is well known that the outer plasmasphere refills from the
ionosphere when geomagnetic activity decreases after being strong
[e.g. Chappell et al. (1970), Park (1970)]. The refilling process occurs
into flux tubes that were on open E ù B drift trajectories (going from
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Fig. 4. A combined image showing DMSP/OLS and POLAR/VIS Earth Camera images
together.

Fig. 5. SAPS formation mechanism.

the magnetotail to the dayside magnetopause) that became closed. The
closed nature of the drift trajectories allows the refilling plasma from
the ionosphere to build up in density (over the timescale of days) to
become the high-density outer plasmasphere. The ion temperature of
the plasmasphere is about 1 eV or less (Kotova, 2007). The electron
temperature of the plasmasphere is similarly about 1 eV (Décréau
et al., 1982). Since there is no reasonable mechanism to cool the
plasmaspheric ions and electrons down to Ì1 eV, it can be assumed
that the temperatures of the outflowing ions and electrons are both
about 1 eV.
Note that the plasmasphere refills into flux tubes that already

contained the oxygen-rich plasma cloak, resulting in oxygen ions in the
composition of the outer plasmasphere.

Less appreciated, the refilling process should be occurring on flux
tubes beyond the plasmapause that are on open drift trajectories.
With shorter lifetimes before they are opened by reconnection at the
dayside magnetopause, these open-drift-trajectory flux tubes will not
exhibit cold-plasma densities in the range of plasmaspheric densities:
nevertheless the refilling-process ions and electrons flow into them for
a fraction of a day and could easily compete in density with the hot
ion-plasma-sheet and electron-plasma-sheet populations in the dipolar
regions of the magnetosphere. When they are at low number densities,
the refilling-process ions should be field aligned at the equator.
The outflows of the plasmaspheric-refilling process are chiefly from

the sunlit ionosphere into the dayside magnetosphere, so refilling pro-
tons, He+ ions, and electrons should be found Sunward of the dawn–
dusk terminator. At L = 6.6 in the dipole, the distance along the
magnetic field from the ionosphere to the equatorial magnetosphere is
about 8.1 RE. A 1-eV proton has a speed of about 14 km/s and a 1-eV
He+ ion has a speed of about 3.5 km/s. Hence it takes ionospheric-
outflow refilling protons about 1 h to reach the equator and it takes
refilling He+ ions about 4 h to reach the equator. It is more likely that
refilling protons will be seen in the open-drift regions of the dayside
magnetosphere. Denton et al. (2014) argue [see also Chappell (1974)
and Sojka and Wrenn (1985)] that proton refilling rates at L = 6.6 can
be as high as 2 cm*3/hr; at larger L values the rate will be lower.
The impact of refilling-process ions and electrons in the open-

drift-trajectory regions of the dayside magnetosphere has not been
assessed.

8.2. Impact of the remnant layer

The Earthward edge of the electron plasma sheet is often co-located
with the plasmapause (Horwitz et al., 1982; Fairfield and Vinãs, 1984;
Elphic et al., 1999). This is the case when magnetospheric convection
has been steady or when it is increasing. When geomagnetic activity
(and magnetospheric convection) temporally decreases, the zero-energy
open-closed EùB drift trajectory in the equatorial plane moves outward
from the Earth. At such a time, two things should be noted. (1)
Eventually, the plasmasphere will refill out to the new location of
the open-closed boundary, but initially the plasmapause is closer to
the Earth than the open-closed boundary. (2) Fresh hot plasma-sheet
electrons will have their inner edge at the open-closed boundary away
from the plasmapause as they advect from the magnetotail into the
dipole.
This spatial gap between the plasmapause and the Earthward edge

of the fresh electron plasma sheet is known as the ‘‘remnant layer’’
[cf. Feldstein and Galperin (1985), Galperin and Feldstein (1996)].
Particle-population-wise, the remnant layer contains (1) decaying hot
populations and (2) growing cold populations. (1) Old electron-plasma-
sheet electrons that are now on closed drift trajectories decay in in-
tensity owing to precipitation to the atmosphere. Energetic ions and
electrons previously injected into this region by prior substorms also
decay with time. These are ‘‘remnant’’ hot populations. Electrons of the
outer electron radiation belt are found in the remnant layer, as they are
in the plasmasphere and in the inner portions of the electron plasma
sheet. (2) The plasmaspheric-refilling process is ongoing in the remnant
layer depositing Ì 1-eV protons and electrons with a density increasing
with a timescale of days.
The remnant layer has been poorly studied. Two questions for the

future are (1) What is the plasma-wave activity in the remnant layer?
and (2) How does the remnant layer affect the evolution of the electron
radiation belt?
For models wherein the whistler-mode hiss inside of the plasma-

sphere originates from whistler-mode chorus outside of the plasmas-
phere [e.g. Bortnik et al. (2008), Santolík and Chum (2009)], the role of
the remnant layer (and its waves) between the region of strong chorus
generation (the electron plasma sheet) and the plasmapause should be
considered.
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9. Spacecraft charging

Despite the fact that spacecraft charging interferes with cold-plasma
measurements (see Section 10), it is interesting to point out that the
presence of the cold plasma is actually beneficial from the perspective
of the potential damage that spacecraft can incur from spacecraft
charging.
Spacecraft charging is a major application of research on space

weather since charging can lead to spacecraft anomalies (Baker, 2000,
2002; Choi et al., 2011; Ferguson et al., 2015; Thomsen et al., 2013).
The latter can range from inconsequential (single event upsets, memory
bit flipping) to catastrophic (damage to sensitive electronics and total
loss of the spacecraft). In essence, spacecraft charging is the balance
of currents on spacecraft surfaces. It involves the collection of ambient
electrons and ions and emission of electrons via secondary emission
due to electron/ion impact or photo-emission on surfaces exposed to
sunlight (Hastings and Garrett, 2004; Lai, 2011). Cold to hot plasma
particles deposit their charge on spacecraft surfaces and give rise to
surface charging, while relativistic electrons can penetrate satellite
shielding and reach internal components causing deep-dielectric charg-
ing (Hastings and Garrett, 2004; Lai, 2011). Surface charging can be
non-uniform on the spacecraft, causing potential differences across
adjacent surfaces (i.e. differential charging).
In order to illustrate the impact of the cold plasma on spacecraft

charging, we may use the expressions for the currents obtained by
an approximated charging theory known as the orbital-motion-limited
(OML) theory (Mott-Smith and Langmuir, 1926). We will consider
a conducting, spherical spacecraft since we are only interested in
charging estimates. The OML electron collected current is given by
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where ne (Te) is the ambient unperturbed electron density (temper-
ature), obtained with the assumption that the ambient electrons are
Maxwellian. In Eqs. (13) and (14), e is the positive elementary charge,
rsc is the spacecraft radius and �sc is the spacecraft potential (relative
to the plasma potential). If multiple electron populations with different
energy are present at the same time, the current collected from each
population is still described by Eqs. (13)–(14) with appropriate val-
ues for ne and Te. Assuming Maxwellian, singly-charged ions, the ion
collected current is given by
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with mi the ion mass and ni (Ti) the unperturbed ion density (tempera-
ture). Current balance is expressed by the net current on the spacecraft
being equal to zero and, given plasma and spacecraft material parame-
ters, this translates into an equation for the spacecraft potential known
as the floating condition.
In sunlight, the current collected from the ambient electrons is

typically balanced by photoemission. The photoemission current den-
sity exiting the sunlit surfaces of typical spacecraft materials is Ì1
nA/cm2 (Whipple, 1981). In the magnetosphere, this photoelectron
current normally overwhelms the flux of ambient electrons to the
spacecraft and so the spacecraft charges positively with respect to
infinity to pull back and recollect most of the photoelectrons. As a
result, the spacecraft potential ranges between few Volts and several
tens of Volts positive, depending on the density of ambient electrons.

Strong negative charging events can occur in eclipse conditions,
where photoemission is absent. If secondary electron emission can also
be neglected, the spacecraft potential is now determined by the balance
of electron and ion collection [i.e. Eqs. (13) and (15)]. Under these
conditions, the spacecraft potential becomes negative, proportional to
the electron temperature, to repel some of the ambient electrons away
from the spacecraft. Thus kV potentials are possible if the electron
temperature is in the keV range. On the other hand, if the cold plasma
populations dominate charging, the spacecraft potential only charges
to a few Volts negative. This is indeed the case for ionospheric condi-
tions (Samir and Willmore, 1966; Knudsen et al., 2017; Diego et al.,
2019).
To be more concrete, let us consider an environment at geosyn-

chronous orbit characterized by hot plasma sheet properties (for elec-
trons and protons) typical of geomagnetically active times, with nh =

neh = nph = 1 cm*3, Teh=1 keV and Tph = 10 keV. Solving the OML
floating condition equation for a spacecraft in eclipse, i.e. Ie(�sc ) +

Ii(�sc) = 0 with Ie and Ii given by Eqs. (13) and (15), yields a spacecraft
potential of *2.4 kV. Let us now add a cold ion and a cold electron
population each with density parametrized by

nc = 20
⇠
3.5

L

⇡4

cm*3 (17)

with L the drift shell. Eq. (17) comes from fitting Fig. 5 of Gallagher
et al. (1995) and was obtained at midnight for Kp = 5 levels of
geomagnetic activity. For L=6.6, this gives nc = nec = npc = 1.6 cm*3

and we will assume a temperature of Tec = Tpc = 5 eV. In this case,
the spacecraft potential decreases to *744 V. If we use cold plasma
parameters typical of geomagnetically quite conditions, given by

nc = 10*0.3145L+3.9043 cm*3
, (18)

(Gallagher et al., 1995), we obtain nc = nec = npc = 67 cm*3 and the
spacecraft potential drops to *35 V.
Note also that cloak ions help reducing strong negative spacecraft

charging. Assuming nominal cloak parameters with oxygen ions and
ne,cloak = nO,cloak = 1 cm*3 with Te = TO = 100 eV together with the
plasma sheet properties used above (nh = neh = nph = 1 cm*3, Teh = 1

keV and Tph = 10 keV) yields a spacecraft potential of *2 kV.

10. The difficulty of cold-ion and cold-electron measurements

Reliable measurements of the cold-ion and cold electron populations
and their interpretation are notoriously difficult. The primary reason is
the charging of the spacecraft by the local space environment and by
electron emission from the spacecraft surfaces.
For the sake of the discussion, let us consider a particle detector

measuring down to eV energies and mounted on the surface of a
spacecraft. In sunlight, the spacecraft typically floats a few Volts to
several tens of Volts positive. Cold ions are therefore repelled by the
spacecraft potential. If the spacecraft potential is much higher than the
mean cold-ion energy, this typically means that there is no hope to mea-
sure the cold-ion particle distribution without using some additional
technique. If the spacecraft potential is higher but of the order of the
mean cold-ion energy, the spacecraft can collect a small fraction of cold
ions from the tail of the distribution able to overcome the spacecraft
potential. In this case, one could use techniques that extrapolate the
cold-ion tail measurements to learn some of the properties of the cold
ions (Genestreti et al., 2017). Note, however, that errors from the
extrapolation become larger as the spacecraft potential increases. A
notable exception to the problems just described occurs in times of
strong convection, when the ion drift velocity becomes sufficiently
large to overcome the spacecraft potential (Lee and Angelopoulos,
2014b). When the spacecraft is negatively charged (such as in eclipse
conditions), cold ions are attracted by the spacecraft and in principle
one has access to the full cold-ion particle distribution after correcting
for the acceleration and sheath focusing induced by the spacecraft
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potential. In practice, this is true only if the energy resolution of the
particle detector is not much larger than the cold-ion temperature. If
not, the information on the cold-ion energy distribution is lost but one
can obtain an estimate of the cold-ion density.
For cold electrons, similar spacecraft-charging issues apply with

an additional complication arising from the fact that spacecraft also
emit ÌeV electrons due to photoemission and secondary emission. It
is possible to distinguish these emitted electrons from ambient cold
electrons due to their different energy spectra, and so techniques to
filter out the emitted electrons from cold-electron measurements ex-
ist (Mozer et al., 2017b; Gershman et al., 2017). These techniques,
however, become inaccurate when the cold-electron signal is over-
whelmed by the photoelectron signal. When a spacecraft is negatively
charged, cold electrons are repelled and so, if particle measurements
are available, one could in principle once again extrapolate from the
tail of the cold-electron distribution. However, spacecraft can charge to
large negative potentials (i.e. well below -100 V) [e.g. Li and Whipple
(1988), Thomsen et al. (2013)], in which case there is no hope to
recover any information on cold electrons. When the spacecraft is pos-
itively charged, ambient electrons are attracted to the spacecraft and
accelerated by the spacecraft potential. Spacecraft-generated electrons
are attracted back to the spacecraft. In general, one can then have
access to the cold-electron distribution, provided that photoelectrons
and secondary electrons can be filtered out. Note, however, that often
missions equipped with particle instruments do not measure electrons
with energy below Ì10 eV (arguably to stay away from energies that
can be contaminated by the emitted electrons). For instance, the lowest
electron energy resolution on the Van Allen Probes spacecraft was 15
eV (1 eV for ions) and on the Magnestospheric MultiScale spacecraft is
10 eV. Thus, if the spacecraft is only charged to a few Volts positive,
one is again forced to extrapolate from the tail of the cold-electron
distribution. If the spacecraft potential is Ì10 V or higher, the full
cold-electron energy distribution is measured.
Several techniques have been developed in the past to overcome

the issues with cold-plasma measurements. Perhaps the most obvious
is to take the measurements in the unperturbed plasma outside the
spacecraft sheath, using booms of size longer than the local Debye
length. Langmuir probes measurements of the electron density and
temperature and ion density on a boom have indeed been performed
many times before, particularly in the ionosphere where the plasma
is dense and cold and booms of Ì 1 m length are sufficient (Brace,
2013). Active wave experiments based on the mutual impedance of a
double probe have also been successful to determine the cold electron
density and temperature (Décréau et al., 1979; Décréau et al., 1982),
while techniques based on measurements of characteristic frequencies
of the ambient plasma can also be used to determine the total electron
density. This is the case on the Van Allen Probes spacecraft which uses
the upper-hybrid frequency (Kurth et al., 2015). A method based on
the electric field measurements of the spacecraft wake has also been
successfully developed, yielding the cold-ion density and flow veloc-
ity (Engwall et al., 2009a; Engwall et al., 2009b). All these techniques
have known limitations, often exposed by low plasma densities, and,
most important, do not yield the full energy distribution.
The measurement of the cold ion distribution below the spacecraft

potential has been achieved with a retarding ion mass spectrometer
on the Dynamics Explorer 1 mission, where a negative electrostatic
bias (up to *8 V relative to the spacecraft potential) was applied
to the sensor apertures to collect cold ions that would have been
otherwise repelled by the spacecraft potential (Chappell et al., 1981).
An alternative but very popular technique is active spacecraft potential
control (Lai, 2003). For example an ion emitter can be used to balance
photoemission and reduce the positive spacecraft potential in sunlight.
This technique has been used extensively in the past, on missions such
as Geotail (Schmidt et al., 1995), Cluster (Torkar et al., 2001) and
MMS (Torkar et al., 2016). Note that the spacecraft potential from
these missions was not exactly zero with active control but maintained

moderate positive values (Torkar et al., 2001). This implies that some
fraction of the cold ion distribution was still not collected by the
spacecraft. Active control with a neutral plasma source (i.e. a plasma
contactor) was also performed on POLAR (Moore et al., 1995; Comfort
et al., 1998). Note that the emission of a plasma can interfere with other
spacecraft measurements, notably waves and electric fields.
Measurements of the cold electron energy distribution with good

resolution have been lacking in the magnetosphere. One notable excep-
tion comes from the Time History of Events and Macroscale Interactions
during Substorms (THEMIS) mission, which in 2016 operated for two
hundred days in a special mode where the first 15 electron energy
channels were lowered to cover the energy range 0–30 eV (Mozer
et al., 2017b). In this case, THEMIS-D was in the dayside magneto-
sphere, the spacecraft potential was in the range +5–9 V and photo-
electron contamination did not appear to be a problem. In general,
however, measurements of the cold electron energy distribution can
be strongly complicated by photoelectrons or secondary electrons since
those electron fluxes can completely obscure the signal coming from
the ambient cold electrons. Given the importance of cold electrons
in magnetospheric dynamics, new methods that can reliably suppress
photoemission or that can robustly distinguish photoelectrons from the
cold-electron fluxes need to be developed and flown.
In summary, cold-plasma measurements are difficult and this has

so far prevented a systematic and comprehensive study of cold-plasma
properties throughout the magnetosphere, including those regions
where the plasma density is low. Techniques to enable measure-
ments of the cold-ion energy distributions have been developed and
quite successfully flown in space. We may therefore conclude that
cold-ion measurements are sufficiently mature. Measurements of the
cold-electron energy distribution, on the other hand, can be strongly
affected by photoemission and secondary-electron emission and meth-
ods that suppress the secondary electrons robustly need to be further
developed.

11. Conclusions

We have presented a review of the known and probable impacts
of the cold-electron and cold-ion populations in the Earth’s magneto-
sphere (summarized in Table 1), motivated by the growing evidence
that these populations play a major role in the dynamics of the system.
Specifically,

1. The cold ionospheric plasma is a major source of plasma for the
magnetosphere, at times dominating the contribution from the
solar wind. Polar wind ions can be accelerated to plasma sheet
or ring current energies as they drift in the cross-tail potential.
2. Cold-ions (in plumes and in the warm plasma cloak) are impor-
tant for solar wind/magnetosphere coupling during
geomagnetically-active times, since they can increase the to-
tal mass–density and reduce the reconnection rate. They can
also affect reconnection at a microscopic level, acting on the
Hall currents. Similar effects are expected to play a role in
the magnetotail during substorms, although whether sufficient
cold-ion density exists at distances relevant to near-Earth tail
reconnection is still an open question.
3. Cold ions (specifically the warm plasma cloak) also affect the
magnetopause stability to Kelvin–Helmholtz waves, altering the
resulting viscous interaction and hence the transport of solar
wind into the magnetosphere.
4. Cold electrons and cold ions (including ion composition) play a
major role in controlling wave–particle interactions in the inner
magnetosphere. Cold electrons (ions) control the generation of
whistler (EMIC) waves by the cyclotron instability, reducing the
threshold for the instability and affecting the main properties
of the generated waves: frequency, growth rate and saturation
amplitude. Cold electrons (ions) also control the propagation
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of whistler (EMIC) waves in the environment, determining the
waves’ properties (including amplitude) and area of influence.
Cold ions also affect the frequencies and amplitudes of the ULF
waves. In this way, the cold electrons and cold ions control the
scattering and energization rates of the higher-energy popula-
tions, impacting the dynamics of the plasma sheet, ring current
and radiation belts.
5. Because of their effect on wave–particle interactions, cold elec-
trons are believed to be responsible for the structuring of the
pulsating aurora. Shear-flow instabilities between cold plasma-
spheric and hot plasma-sheet plasmas at the plasmapause are
believed to be the generation mechanisms for giant undulations
and associated Pc5 pulsations (and might possibly be related to
STEVE emissions and long-lived drainage plumes). Other areas
where the cold populations should play a role include refilling
in the open-drift trajectories and the remnant layer.
6. Cold electrons and cold ions also help reduce spacecraft charg-
ing.
7. Cold electrons and cold ions play roles in the properties of paral-
lel electric fields in the magnetosphere: when the cold particles
are either accelerated across the parallel-electric-field region or
reflected away from the region, they will make a space-charge
contribution to supporting the electric field.

It is important to emphasize that some of the impacts discussed
above are associated primarily with the density of the cold populations,
while some involve their energy distributions. Furthermore, a lot of
work on the impact of cold populations has focused on cold ions,
arguably because of their importance in determining the local mass–
density. A lot less is known about the cold-electron populations, which
however play a very important role for instance in the physics of
outflow, whistler waves and pulsating aurora structuring. Thus, to fully
understand the impact of the cold populations on the magnetosphere–
ionosphere system, measurements of the cold-electron and cold-ion
distribution functions are needed together with advances in spacecraft
measurements techniques.
Innovations are needed in the design of low-energy ion instru-

ments (Fernandes and Lynch, 2016; Moore and Spann, 2017), including
ion-composition measurements [e.g. Yau and Howarth (2016)]. Ion
instruments with large geometric factors are needed [e.g. Moore et al.
(1995)]. To overcome unfavorable positive spacecraft potentials, either
(a) the use of a plasma contactor (Comfort et al., 1998) or (b) the use
of ion detectors that are negatively biased and possibly mounted on a
boom (Chappell et al., 1981) will be necessary.
Measurements of low-energy electrons (Pollock et al., 2013; Cohen

et al., 2016) are hindered by the presence of spacecraft-generated
photoelectrons and secondary electrons (Thomsen et al., 2013; Mozer
et al., 2017b). Designs using shadowing of the electron instrument com-
bined with differential biases to reduce the fluxes of photoelectrons and
secondary electrons at the electron instrument may be feasible. Smart
spacecraft material designs that suppress electron emission would be
another valuable development. The emission of an electron beam from
the spacecraft to drive its potential positive with respect to infin-
ity [e.g. Delzanno et al. (2015)] would result in the acceleration of
ambient cold electrons to energies above the spacecraft-generated pho-
toelectrons and secondaries. Some information about the cold-electron
populations can also be gained with the use of a mutual impedance
probe (Décréau et al., 1979).
There remain many unknowns about the cold-ion and cold-electron

populations of the Earth’s magnetosphere since in general these popu-
lations are not yet well characterized and their origins and controlling
factors are often not well understood. Besides their known impacts,
they likely have impacts that are not yet known. The cold electrons
and ions need to be fully understood before we can fully understand
the magnetosphere–ionosphere system.
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