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Abstract We report statistics from FAST satellite observations revealing the prevalence of nonthermal
monoenergetic electron distributions within and below the auroral acceleration region (AAR), and
over 21–24 magnetic local time. The energy spectra of intra-AAR auroral primaries reveal a probability
distribution of 𝜅 (“kappa”) values that is “piled up” against a lower bound, 𝜅 ≳ 𝜅t ≃ 2.45. The measurements
are recorded in the lower reaches of the AAR, as determined from simultaneous upward ion beams, and are
therefore unaffected by processes at lower altitudes that may alter auroral primary distributions. We show
evidence that the 𝜅 values below the AAR tend to be greater than those within the AAR, which suggests that
auroral primaries evolve toward thermal equilibrium as they move toward the ionosphere. Only for ∼4%
of the reported events corresponding to 𝜅 ≤ 𝜅t does a kappa current density-voltage relationship differ
appreciably from the classical Maxwellian current density-voltage relationship.

Plain Language Summary Many natural plasmas are extremely rarefied (i.e., collisions between
individual charged particles are infrequent) and the motion of the charged particles that comprise them
may be highly ordered or correlated. Since one definition of thermal equilibrium is perfectly uncorrelated
motion, such ordered motion demonstrates that these plasmas are not strictly in thermal equilibrium. The
degree of nonthermality is indicated by the 𝜅 (“kappa”) index in space physics and is important because it
modifies, for example, plasma resonant frequencies and how/where the energy of a precipitating plasma
is deposited in the ionosphere. Satellites and ionospheric sounding rockets that measure properties of
magnetospheric plasmas have observed 𝜅 indices indicating that magnetospheric plasmas are out of
thermal equilibrium. However, measurements of 𝜅 in the ionosphere are uncertain because magnetospheric
precipitation collides with dense ionospheric plasmas. From observations made by the Fast Auroral
SnapshoT Explorer (FAST) satellite above the ionosphere, which are free from the effects of low-altitude
collisions, we report statistics of the 𝜅 index evincing a “pile-up” near 𝜅 = 2.45, which is strong evidence
of a presently unknown mechanism for driving magnetospheric precipitation out of thermal equilibrium.
These results therefore expose an important deficiency in current understanding of the auroral acceleration
process.

1. Introduction

Among the most widely known and frequently employed predictions of classical statistical physics is the
distribution of velocities of a thermally equilibrated three-dimensional gas,

fM(E; T , n) = n
( m

2𝜋T

) 3
2

e−E∕T , (1)

otherwise known as the Maxwellian distribution in plasma physics. The plasma density n and temperature
T (in energy units) are the only two parameters of this distribution. In plasmas that are well described by a
Maxwellian distribution, an overall tendency toward thermal equilibrium is ensured by particle-particle col-
lision rates that are high relative to typical ranges of frequencies over which such plasmas vary and/or are
driven (St-Maurice & Schunk, 1979).

In contrast, planetary and astrophysical plasmas that are subject to low collision frequencies, nonlinear or
high-frequency forcing, admixture with other populations, or any combination of these conditions, are rou-
tinely in stationary (i.e., approximately invariant over relevant time scales) states out of thermal equilibrium
(e.g., Livadiotis & McComas, 2010; St-Maurice & Schunk, 1979; Treumann, 1999a; Tsurutani & Lakhina, 1997).
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The correlated motion of constituents that accompanies these stationary states appears in processes exhibit-
ing self-similar, or fractal, scales (West & Shlesinger, 1990); hence, their connection with turbulence and scale
invariance (Leubner, 2004; Treumann, 1999a).

The degree to which a plasma is out of thermal equilibrium may be modeled with a kappa distribution,

f𝜅(E; T , n, 𝜅) = n

(
m

2𝜋(𝜅 − 3
2
)T

) 3
2 Γ (𝜅 + 1)

Γ
(
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2
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, (2)

where the parameter 𝜅 ∈ [ 𝜅min,∞) is related to the degree 𝜌 = 3
2𝜅

∈ [0, 1] to which particle motions are
correlated (Livadiotis & McComas, 2011). The limit 𝜅 → ∞ (𝜌 = 0) corresponds to the Maxwellian distribu-
tion (1), while the theoretical minimum for a three-dimensional distribution 𝜅min = 1.5 (𝜌 = 1) corresponds
to perfectly correlated particle motion. From this standpoint Livadiotis and McComas (2010) describe the 𝜅

parameter as the “thermodynamic distance” between a given stationary, nonequilibrium state, and thermo-
dynamic equilibrium. Via review of observational literature as well as analysis of the entropy of the kappa
distribution, these authors demonstrate that 𝜅t ≃ 2.45 (𝜌 ≃ 0.61) marks an apparent transition between sta-
tionary states that are far from thermal equilibrium, 𝜅 ∈ [ 𝜅min, 𝜅t), and “near-equilibrium” states for which
𝜅 ∈ [ 𝜅t,∞).

From the standpoint of nonextensive statisical mechanics, the kappa distribution (2) and alternate forms (Bian
et al., 2014; Leubner, 2002; Livadiotis & McComas, 2009) are derivable from Tsallis entropy, itself mathemati-
cally identical to the largely neglected (Rathie & Silva, 2008) information-theoretical 𝛼-entropy introduced by
Havrda and Charvát (1967). The kinetic and thermodynamic definitions of temperature T are consistent for
the form (2) but may be inconsistent for other forms (Livadiotis & McComas, 2009, 2010).

The earliest instance of a mechanism for driving stationary, nonequilibrium plasma states was given by
Scudder and Olbert (1979), who showed that Coulomb collisions between solar wind electrons that undergo
diffusion in velocity space exhibit power law-like features in the high-energy tail of the velocity distribu-
tion. Hasegawa et al. (1985) showed that similar effects appear in velocity distributions of plasmas subject
to superthermal radiation. A host of other mechanisms for driving such nonstationary states exist (e.g.,
Treumann, 1999a, as well as reviews by St-Maurice & Schunk, 1979, and Pierrard & Lazar, 2010, and refer-
ences therein), including the interaction of electrons with turbulent Alfvén or broadband lower hybrid waves
(Leubner, 2000). Many of these mechanisms are instances of a more general process by which superdiffusivity
arises in a geometrically constrained, crowded driven physical system (Bénichou et al., 2013).

Plasma sheet observations of electron and ion distributions better described by a non-Maxwellian distribution
were first reported over two decades ago by Christon et al. (1989, 1991), followed shortly thereafter by reports
at low (<1,000 km) altitudes (Wing & Newell, 1998) and in the high-latitude plasma sheet (Kletzing et al., 2003).
At lower altitudes previous studies of precipitating electrons in or below the magnetosphere-ionosphere tran-
sition region that involve kappa distributions (Kaeppler et al., 2014; McIntosh & Anderson, 2014; Ogasawara
et al., 2006, 2017; Olsson & Janhunen, 1998) have reported𝜅 ≥ 𝜅t , values that are within the “near-equilibrium”
regime (Livadiotis & McComas, 2010), meaning the distributions do not strongly deviate from a Maxwellian
distribution. In each of these studies based on low-altitude observations the effects of processes within or
near the ionosphere are complicating factors in the determination of source parameters.

In this Letter we report statistics of the degree of nonthermality (i.e., 𝜅) of monoenergetic electron precipita-
tion, which are derived from in situ premidnight AAR observations that are free from the effects complicating
studies at lower altitudes. These statistics demonstrate (i) that the majority (∼96%) of intra-AAR electron
distributions that are best described by a kappa distribution correspond to𝜅 ≳ 𝜅t ; (ii) that relative to the distri-
bution of intra-AAR𝜅 values, the distribution of𝜅 values inferred from observations beneath the AAR is shifted
to higher values, which indicates evolution of auroral primaries toward thermal equilibrium; (iii) a form of the
distribution of 𝜅 values that suggests that intra-AAR electron distributions are driven toward non-Maxwellian
forms.

2. Case Study Presentation

During an approximately 80-s interval on 17 January 1997, the FAST satellite observed inverted V electron
precipitation (Figures 1a and 1b) and intermittent upgoing ion beams between 10 eV and ∼1 keV near mid-

HATCH ET AL. 10,168



Geophysical Research Letters 10.1029/2018GL078948

Figure 1. Electron electrostatic analyzer (EESA) observations of inverted V precipitation on 17 January 1997 and
corresponding 2-D fit parameters. Parameters related to best-fit Maxwellian and kappa distributions are respectively
indicated by red squares and blue triangles in panels (c)–(f ). Pairs of dotted and dashed lines indicate periods of upward
ion beams, which are automatically identified via the criteria described in Appendix A. (a) >115 eV electron pitch-angle
distribution. (b) Average electron energy spectrogram within the earthward loss cone (see text for definition). (c) Ion
energy spectrogram within the anti-earthward loss cone. (d) 𝜅 fit parameter for the best-fit kappa distribution.
(e) Reduced chi-squared statistic 𝜒2

red
for each fit type. (f ) Best-fit temperatures. (g) Calculated densities (black diamonds)

and best-fit densities. Calculated densities are 2-D model-independent moments of the differential flux from 115 eV to
30 keV (the upper bound of the EESA energy range), and over all pitch angles between −90∘ and 90∘ . Uncertainties of
calculated densities are obtained using analytic expressions for moment uncertainties related to counting statistics for
an arbitrary distribution function (Gershman et al., 2015); see Text S1 in the supporting information. EESA observations
have been integrated over twice the survey-mode EESA sampling period to improve the related counting statistics.
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night magnetic local time (MLT) during a period of low geomagnetic activity (Kp = 0−). Auroral density
cavities, which are indicated by low (< 107eV/cm2-s-sr-eV) differential energy flux between ∼20 and 200 eV
in Figure 1b, are colocated with the upward ion beams visible in Figure 1c. Figure 1b also shows that after
∼12:00:54 UT suprathermal tails appear at energies above the monoenergetic peak.

Figure 1a shows that electron distributions observed within these density cavities tend to be isotropic, except
over pitch angles within the anti-earthward loss cone. The loss cone is calculated from model geomag-
netic field magnitudes at FAST and at the 100-km ionospheric foot point, which are both obtained from
International Geomagnetic Reference Field 11.

We perform full 2-D fits to the portion of electron distributions that are observed within the earthward loss
cone and between the energy at which the differential energy flux peaks above 115 eV to 30 keV, as measured
by FAST electron electrostatic analyzers (EESAs; Carlson et al., 2001). These fits are accomplished using model
differential energy flux

JE = 2E2

m2
f
(

E − Em

)
(3)

with the Levenberg-Marquardt weighted least-squares minimization technique. The linearly shifted distribu-
tion function f (E−Em) is either a Maxwellian or kappa distribution, and Em the energy at which the differential
energy flux peaks above 115 eV.

Figure 1d shows the 𝜅 parameters that result from this procedure. The red line indicates 𝜅 = 𝜅t ≃ 2.45.
Monoenergetic electrons observed prior to 12:00:55 UT are near thermal equilibrium 𝜅 ≳ 5, until approxi-
mately 12:00:55 UT when 𝜅 approaches 𝜅t . Afterward 𝜅 ≈ 𝜅t until ∼12:01:30 UT. Figure 1e shows values of the
reduced chi-squared statistic

𝜒2
red =

N∑
i

1
F

(
Yi(x) − yi(x)

)2

w2
i

(4)

for 2-D fits using either a kappa distribution (blue triangles) or a Maxwellian distribution (red squares). In
this expression i indexes each pitch angle and energy bin, Yi is the observed differential energy flux, yi is the
differential energy flux of the best-fit model distribution, wi is the uncertainty due to counting statistics, and
F is the total number of pitch angle-energy bins minus the number of free model parameters. Throughout
the entire interval shown in Figure 1 𝜒2

red for the best-fit kappa distribution tends to be less than that for the
best-fit Maxwellian distribution. The difference is most pronounced between 12:00:55 UT and 12:01:30 UT,
corresponding to the interval during which 𝜅 ≈ 𝜅t in Figure 1d.

Typical ranges of electron densities and temperatures in the plasma sheet are 0.01–0.5 cm−3 and 400–900 eV
(Kletzing et al., 2003; Paschmann et al., 2003). Figures 1f–1g show that the calculated (black diamonds)
densities, as well as best-fit kappa (blue triangles) and Maxwellian (red squares) densities, are within the typ-
ical range of densities. Best-fit kappa and Maxwellian temperatures (90–350 eV) are somewhat below but
generally within the typical range.

Figure 2 shows an example of electron observations during 12:00:55–12:01:30 UT. In Figure 2a the 1-D best-fit
kappa and Maxwellian distributions (blue dashed line and red dash-dotted line, respectively) overlay the
observed distribution (black crosses). The best-fit Maxwellian distribution fails to describe the suprathermal
tail (𝜒2

red = 7.89), whereas the best-fit kappa distribution describes the suprathermal tail of the observed dis-
tribution (𝜒2

red = 1.43). Both Maxwellian and kappa best-fit temperatures (96 and 153 eV, respectively) are
somewhat low compared to the typical range for the plasma sheet.

The auroral zone crossing presented in Figure 1 shows that the transition from approximately Maxwellian to
non-Maxwellian precipitation may take place over time scales of order 10 s and/or distances of order 100 km
within the lower reaches of the AAR. This transition is indicated by 𝜅 in Figure 1d.

3. Statistical Database

The observations presented in Figure 1d suggest a possible natural boundary near 𝜅 ≈ 𝜅t . As we show in
what follows, statistical evidence from intra-AAR observations supports the existence of this boundary. The
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Figure 2. Electron spectra observed at 12:01:12.044–12:01:12.674 UT. (a) 1-D average differential number flux spectrum
(black crosses) within the earthward loss cone, with best-fit Maxwellian and kappa distributions overlaid (red
dash-dotted line and blue dashed line, respectively). The uncertainty of each observed differential number flux is
calculated by conversion of the particle count uncertainty

√
N to units of differential number flux. (b) Best-fit 2-D kappa

distribution (solid contours) with the observed 2-D differential energy flux spectrum overlaid (contour lines). For each
pitch angle black asterisks indicate the peak energy Em = 350 eV, and red plus signs outline the range of energies and
pitch angles used to perform the 2-D fit.

database from which this statistical evidence arises is composed of ∼2.5 years of FAST observations during
positively identified traversals of the premidnight AAR.

The starting point in developing the statistical database is the identification of FAST observations of monoen-
ergetic precipitation, which is accomplished using the FAST adaptation of the Newell et al. (2009) criteria for
monoenergetic precitation presented by Hatch et al. (2016). With these criteria we identify streaks of monoen-
ergetic precipitation lasting at least 30 s for all FAST observations within 21–24 MLT between November 1996
and March 1999. To improve counting statistics we integrate EESA and IESA observations to obtain an effec-
tive sample period of 1.25 s. We then perform fits to identified monoenergetic differential energy flux spectra
using both Maxwellian and kappa model differential energy flux (3), generating summary figures and plots of
individual fits such as those shown in Figures 1 and 2 and additional diagnostic figures (Figure S2). Summary
figures are manually examined to ensure quality of the observations and fits. Because the range of inferred
potentials varies logarithmically (e.g., Dombeck et al., 2013), adjustments are made to the energy boundaries
over which peak detection occurs and distributions are fitted and the fits are rerun as necessary.

Figure 3a plots the quantity R ≡ 𝜒2
red,M∕𝜒

2
red,𝜅 for N = 31,389 candidate distribution fits, where 𝜒2

red,M is
the reduced chi-squared statistic for a candidate Maxwellian distribution fit (“Maxwellian fit”) and 𝜒2

red,𝜅 the
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Figure 3. Kappa statistics. (a) Ratio of Maxwellian and kappa reduced chi-squared values for the entire database. Only kappa fits for which
R ≡ 𝜒2

red,M
∕𝜒2

red,𝜅
≥ R̂median and 𝜒2

red,𝜅
≤ 5 are included in the statistics shown in Figures 3b and 3c. (b) Statistics of 𝜅 values within (solid black line) and below

(gray dashed line) the AAR. (c) Probability plot (or “p-p plot”) of eCDFs formed from the distributions shown in Figure 3b. The gray dashed 45∘ line indicates the
trend followed if the eCDFs were identical. Orange, brown, and purple dashed lines denote the value of each eCDF for 𝜅 = 3, 5, and 10, respectively.
AAR = auroral acceleration region.

reduced chi-squared statistic for a candidate kappa distribution fit (“kappa fit”). Within bins of width 0.25, the
“x” symbols indicate the median value Rmedian(𝜅), and the lower and upper edges of each error bar indicate
the first and third quartile.

For 1.5 < 𝜅 < 2.5 the rising trend in Rmedian occurs due to the large number of fits to observations with low
counting statistics and therefore high uncertainties. (For instance, the large cluster of points between 𝜅 = 1.5
and 𝜅 = 2 and for R < 2 are the outcomes of fitting observed distributions inferred from low EESA count rates.)
For 𝜅 ≥ 2.5 it is apparent that Rmedian(𝜅) → 1 and that the spread in R values decreases with increasing 𝜅,
as expected since the form of the kappa distribution is approximately Maxwellian for 𝜅 ≳ 10. The black line
indicates a function of the form R̂median(𝜅) = (a𝜅 + b)c + 1 used to fit Rmedian(𝜅) values for 𝜅 ≥ 2.5. The best-fit
parameters are a = 0.0569, b = 0.718, and c = −4.46.

To ensure the quality of each fit, we use only observations for which (i) R ≥ R̂median(𝜅) and (ii) 𝜒2
red,𝜅 ≤ 5. The

latter requirement is imposed based on manual inspection of thousands of individual fits. To remove possible
effects related to geomagnetic storms, we also remove all observations corresponding to Dst < −20 nT. A
total of N = 7,765 EESA observations with effective sample periods of≥1.25 s meet the foregoing criteria. Last,
we separate observations that are positively within the AAR from those that are not. For this study the AAR
is operationally defined by the simultaneous presence of a potential structure both above and below FAST.
The former is signaled by monoenergetic electron precipitation, as previously described, and the latter by
an upward ion beam. To identify upward ion beams in an automated fashion we apply the criteria described
in Appendix A, which have been developed based on manual examination of FAST ion beam observations.
Applying these criteria to IESA observations during the period described in the previous section results in
the pairs of dashed and dotted vertical lines shown in Figure 1, where the period between each pair of lines
indicates continuous observations of upward ion beams. (Figure 1c shows that ion beams are present but not
indicated during two additional but brief periods, centered near 12:01:11 UT and 12:01:38 UT.)

Figure 3b displays distributions of 𝜅 values within (solid black line) and below (dashed gray line) the AAR. For
each distribution the percentage of observations very rapidly rises from <2% below 𝜅 = 2.25 to ∼10%. The
peak of each distribution lies between 𝜅 = 𝜅t and 𝜅 = 5, while the percentage of observations begins to taper
off near 𝜅 = 5. Relative to the distribution of intra-AAR observations, the below-AAR distribution is shifted to
higher 𝜅 values.

This overall shift is illustrated in Figure 3c, which plots the empirical cumulative distribution function (eCDF) of
the intra-AAR distribution as a function of the below-AAR eCDF. The orange lines intersecting at (0.097, 0.152)
indicate that ∼10% of below-AAR and ∼15% of intra-AAR 𝜅 values correspond to 𝜅 ≤ 3, as is evident in
Figure 3b. The purple lines intersecting at (0.387, 0.479) indicate that ∼39% of below-AAR and ∼48% of
intra-AAR 𝜅 values correspond to 𝜅 ≤ 5.

Regarding the degree of significance of the differences between the intra-AAR and below-AAR distributions,
the two-sample Kolmogorov-Smirnov, Anderson-Darling, and Cramér-von Mises tests yield p values less than
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2 × 10−12, and all reject the hypothesis that the intra-AAR and below-AAR distributions are drawn from the
same population at the 0.1% level. Forming all possible pairs of 𝜅 values from the intra-AAR distribution and
𝜅 values from the below-AAR distribution (Kerby, 2014; McGraw & Wong, 1992), we find a 56% probability
that 𝜅 drawn at random from the intra-AAR distribution is less than 𝜅 drawn at random from the below-AAR
distribution.

4. Discussion

We find that for 96% of best-fit kappa values inferred from measurements both within and below the AAR
the value of the 𝜅 parameter is limited to 𝜅 ≥ 𝜅t . This range constitutes the “near-equilibrium” regime
(Livadiotis & McComas, 2010), or weak to modest deviation from Maxwellian form, and accords with previous
in situ observations in the plasma sheet (Christon et al., 1989, 1991; Kletzing et al., 2003) and in or below the
magnetosphere-ionosphere transition region (Kaeppler et al., 2014; McIntosh & Anderson, 2014; Ogasawara
et al., 2006, 2017; Olsson & Janhunen, 1998). Similar limits have been reported for other astrophysical and
planetary plasmas (§4.3 of Livadiotis & McComas, 2010), including Saturnian H+ distributions measured by
Cassini over L shells of 5–20 RS (Dialynas et al., 2009) and 4He distributions measured by the WIND spacecraft
(Collier et al., 1996).

Unlike the measurements we report here, none of the previous studies in or below the
magnetosphere-ionosphere transition region that involve kappa distributions were performed both within
the AAR and unambiguously above auroral arcs. These characteristics tend to eliminate distortion of the
primary electron distribution due to collisions and the superposition of multiple electron components preva-
lent at low altitudes, while unambiguously connecting these electron distributions to the primary electron
acceleration process. The importance of these characteristics is illustrated in Figure 3b, which shows that (i)
the intra-AAR distribution is “piled up” against 𝜅 = 𝜅t , and (ii) the distribution of 𝜅 values below the AAR is
shifted toward thermal equilibrium relative to the distribution of intra-AAR 𝜅 values.

Regarding uncertainty the kappa statistics in Figure 3b depend on the observed spectral shape of electron
precipitation, and therefore on the calibration of FAST EESAs, which rely on microchannel plate (MCP) electron
multipliers (Carlson et al., 2001). MCPs suffer a decrease in detection efficiency for electrons at energies near
or above 1 keV (Goruganthu & Wilson, 1984; Paschmann et al., 1970). We apply no efficiency calibration to
EESA observations. It is therefore possible that the power-law tails are in reality more extreme than observed
(J. McFadden, personal communication, July 12, 2018) and the kappa values in Figures 1–3 slightly lower than
we have estimated.

The “piling up” of the intra-AAR distribution of 𝜅 values near 𝜅 = 𝜅t indicates a source population in the
plasma sheet of the same form and/or the action of processes between the source and the locus of observa-
tion that drive particle distributions away from thermal equilibrium (i.e., Maxwellian form). With regard to the
latter and with the exception of the work by Leubner (2001), to our knowledge there are no models describing
how extended power-law tails on auroral primary distributions/kappa distributions are driven locally within
the AAR, nor indeed how such 𝜅 values may be attained in the plasma sheet. Stepanova and Antonova (2015)
present evidence suggesting turbulence as a cause of low 𝜅 values in the plasma sheet, but they do not
perform a direct test of this hypothesis.

In a plasma that is described by a kappa distribution the degree to which particle motions are correlated is
inversely related to 𝜅. It follows that a process tending to randomize the motion of auroral primaries tends
to bring auroral primaries nearer to thermal equilibrium and to increase 𝜅. On the other hand, a process that
leads to the availability of free energy in the absence of collisions or in the presence of nonlinear instabilities,
or both, instead tends to correlate the motion of auroral primaries (Treumann, 1999b). In this case the distribu-
tion of primaries may evolve away from Maxwellian form and 𝜅 may decrease. The processes responsible for
the observed lower boundary at 𝜅t in Figure 3b likely represent a balance between these general processes.
Nevertheless, the exact physics that leads to nonthermal distributions in the course of auroral acceleration
remains unknown, or at best untested. From this standpoint the results in Figure 3b expose an important
deficiency in present-day understanding of the auroral acceleration process.

The relative shift between the intra-AAR and below-AAR distributions of 𝜅 values indicates that information
about the degree of nonthermality of a monoenergetic primary distribution may be lost at lower altitudes,

HATCH ET AL. 10,173



Geophysical Research Letters 10.1029/2018GL078948

especially for auroral primaries with 𝜅 values near the boundary 𝜅t . The relative shift to higher kappa values
in particular suggests that auroral primaries rapidly evolve toward Maxwellian form after passing through
the AAR.

Results in Figures 3b and 3c also have general consequences for posited theoretical relationships between cur-
rent density and voltage, so-called J-V relations (e.g., Boström, 2003; Dors & Kletzing, 1999; Janhunen & Olsson,
1998; Liemohn & Khazanov, 1998; Pierrard, 1996; Pierrard et al., 2007). These relationships assume a particular
form for a magnetospheric source distribution (e.g., Maxwellian, bi-Maxwellian, and kappa), which is mapped
via Liouville’s theorem along converging field lines and through a potential structure to the ionosphere. Tak-
ing the first moment of the mapped distribution yields a prediction for the ionospheric field-aligned current
density. The simplest J-V relation (Knight, 1973)

j∥,M( ΔΦ; Tm, nm, RB) = −enm

(
Tm

2𝜋me

) 1
2

RB

[
1 −

(
1 − R−1

B

)
exp

{
− 𝜙

(RB − 1)

}]
(5)

assumes a monotonic potential profile and a Maxwellian source distribution. In this expression ΔΦ and RB

are respectively the total potential drop and the magnetic mirror ratio between the source region and the
ionosphere, Tm and nm are respectively the source temperature (in units of energy) and density, and me is the
electron mass. The corresponding J-V relation with a source population described by a kappa distribution,
(Dors & Kletzing, 1999)

j∥,𝜅( ΔΦ; Tm, nm, 𝜅, RB) = −enm

(
(𝜅− 3

2
) Tm

2𝜋 me

) 1
2 Γ(𝜅+1)

Γ(𝜅− 1
2
)

RB

𝜅(𝜅−1)

×

[
1 −

(
1 − R−1

B

)(
1 + 𝜙

(𝜅− 3
2
)(RB−1)

)−𝜅+1
]
,

(6)

includes 𝜅 as an additional parameter and reduces to the Maxwellian J-V relation (5) for 𝜅 → ∞.

For equal magnetospheric source density nm and source temperature Tm the maximum current density pre-
dicted by the kappa J-V relation (6) is greater than that predicted by the Maxwellian J-V relation (5). In
particular, for equal nm and Tm the maximum ratio of equations (5) and (6),

Max[RJ] = Max

[
j||,𝜅 (ΔΦ; Tm; nm; 𝜅; RB

)
j||,M (

ΔΦ; Tm; nm; RB

) ]
, (7)

is approximately 1.33 for 𝜅 = 𝜅t in equation (6). The statistics in Figure 3b indicate that more than 95% of
cases correspond to 𝜅 ≥ 𝜅t , which suggests that there is an appreciable difference between the Maxwellian
J-V relation (5) and the kappa J-V relation (6) in less than 5% of cases. These statistics are however specific
to the premidnight region during low geomagnetic activity; possible variations with, for example, local time,
latitude, and geomagnetic activity remain to be investigated.

Appendix A: Automated Detection of Ion Beams

For each ion ESA (IESA) observation we calculate the range of pitch angles constituting the anti-earthward por-
tion of the ionospheric loss cone, and reduce this range by a factor of two (e.g., from [150∘, 210∘] to [165∘, 195∘]
in the Northern Hemisphere). We average IESA observations over this reduced range of pitch angles to obtain
the average “upward ion beam” differential energy spectrum (“UIB spectrum”). We also average IESA obser-
vations over the 180∘ range of anti-earthward angles to obtain the average “upward” differential energy
spectrum (“UA spectrum”). To avoid spurious ion beam detection due to spacecraft charging, we zero the dif-
ferential energy flux of any energy channels less than the negative of the spacecraft potential for both the UIB
and the UA spectrum.

Let ( dJ
dE
)p and Ep respectively denote the peak differential energy flux of the UIB spectrum and the energy of

the IESA channel in which ( dJ
dE
)p is detected. The UIB spectrum must meet the following criteria.
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• ( dJ
dE
)p ≥ 107 eV/cm2-s-sr-eV

• For at least one energy channel both above and below Ep, the differential energy flux must be less than ( dJ
dE
)p

by at least 40%. Up to four channels above and up to six channels below Ep are considered, within the bounds
of the IESA energy range.

• The differential energy flux within energy channel Ep of the UA spectrum must be at least three times less
than ( dJ

dE
)p.

• Both Ep and the average energy of the UIB spectrum must equal or exceed 10 eV. The average energy is the
ratio of energy flux and number flux moments; each moment is calculated over the reduced “UIB” range of
pitch angles, and over all energies from above the spacecraft potential to the IESA detector limit.
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