N
N

N

HAL

open science

Characterizing cometary electrons with kappa
distributions

T. W. Broiles, G. Livadiotis, J.L. Burch, K. Chae, G. Clark, T.E. Cravens, R.

Davidson, A. Eriksson, R.A. Frahm, S A Fuselier, et al.

» To cite this version:

T. W. Broiles, G. Livadiotis, J.L. Burch, K. Chae, G. Clark, et al.. Characterizing cometary electrons
with kappa distributions. Journal of Geophysical Research Space Physics, 2016, 121 (8), pp.7407 -
7422. 10.1002/2016JA022972 . insu-01373679

HAL Id: insu-01373679
https://insu.hal.science/insu-01373679
Submitted on 29 Nov 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://insu.hal.science/insu-01373679
https://hal.archives-ouvertes.fr

QAGU

Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE

10.1002/2016JA022972

Key Points:

« The IES observed cometary electron
environment is well characterized
with 2 kappa distributions

« The hot electron population is likely
the solar wind halo electrons

« The warm electron population is a
poorly understood minority, possibly
of cometary origin

Correspondence to:
T. W. Broiles,
tbroiles@swri.edu

Citation:

Broiles, T. W., et al. (2016),
Characterizing cometary electrons
with kappa distributions, J. Geophys.
Res. Space Physics, 121, 7407-7422,
doi:10.1002/2016JA022972.

Received 18 MAY 2016

Accepted 21 JUL 2016

Accepted article online 26 JUL 2016
Published online 12 AUG 2016
Corrected 23 AUG 2016

This article was corrected on 23 AUG
2016. See the end of the full text for
details.

©2016. American Geophysical Union.
All Rights Reserved.

Characterizing cometary electrons with kappa distributions

T. W. Broiles’, G. Livadiotis’, J. L. Burch’, K. Chae’, G. Clark?, T. E. Cravens?, R. Davidson®, A. Eriksson®,
R. A. Frahm', S. A. Fuselier'5, J. Goldstein', R. Goldstein’, P. Henri’, H. Madanian3, K. Mandt™5,
P. Mokashi®, C. Pollock®, A. Rahmati®, M. Samara'®, and S. J. Schwartz'""?

1Space Science and Engineering Division, The Southwest Research Institute, San Antonio, Texas, USA, ’The Johns Hopkins
University Applied Physics Laboratory, Laurel, Maryland, USA, *Department of Physics and Astronomy, University of Kansas,
Lawrence, Kansas, USA, *Department of Aerospace Engineering, University of Maryland, College Park, Maryland, USA, >The
Swedish Institute of Space Physics, Kiruna, Sweden, 6Department of Physics and Astronomy, University of Texas, San
Antonio, Texas, USA, “Centre National de la Recherche Scientifique, LPC2E, CNRS, Orléans, France, ®Denali Scientific, Healy,
AK, USA, °Space Sciences Laboratory, University of California, Berkeley, California, USA, "°NASA-Goddard Space Flight
Center, Greenbelt, Maryland, USA, ""Blackett Laboratory, Imperial College London, London, UK, 12Laboratory for
Atmospheric and Space Physics, University of Colorado Boulder, Boulder, Colorado, USA

Abstract The Rosetta spacecraft has escorted comet 67P/Churyumov-Gerasimenko since 6 August 2014
and has offered an unprecedented opportunity to study plasma physics in the coma. We have used

this opportunity to make the first characterization of cometary electrons with kappa distributions. Two
three-dimensional kappa functions were fit to the observations, which we interpret as two populations of
dense and warm (density = 10em~3, temperature =2 X 10°K, invariant kappa index=10—>1000), and
rarefied and hot (density = 0.005 cm ™3, temperature =5 x 10° K, invariant kappa index = 1-10) electrons. We
fit the observations on 30 October 2014 when Rosetta was 20 km from 67P, and 3 AU from the Sun. We
repeated the analysis on 15 August 2015 when Rosetta was 300 km from the comet and 1.3 AU from the Sun.
Comparing the measurements on both days gives the first comparison of the cometary electron environment
between a nearly inactive comet far from the Sun and an active comet near perihelion. We find that the warm
population density increased by a factor of 3, while the temperature cooled by a factor of 2, and the invariant
kappa index was unaffected. We find that the hot population density increased by a factor of 10, while

the temperature and invariant kappa index were unchanged. We conclude that the hot population is

likely the solar wind halo electrons in the coma. The warm population is likely of cometary origin, but its
mechanism for production is not known.

1. Introduction

As comets approach the Sun, neutral gas escaping the nucleus becomes ionized, which creates an interesting
plasma environment directly exposed to the flow of the supersonic solar wind. In situ observations of this
dynamic plasma environment have been limited to a few brief flybys until very recently. Since 6 August
2014, the Rosetta spacecraft has escorted the comet 67P/Churyumov-Gerasimenko (67P), making ongoing
observations of the plasma environment. Rosetta has already returned many interesting results, including
deflection and mass loading of the solar wind, the acceleration of cometary pickup ions, electron heating,
and the first observations of negatively charged solar wind hydrogen [Nilsson et al., 2015; Goldstein et al.,
2015; Burch et al., 2015; Broiles et al., 2015; Clark et al., 2015; Behar et al., 2016]. Understanding the behavior
of cometary electrons is particularly important, because they further ionize the coma and dust through elec-
tron impact ionization and play a role in plasma dynamics and chemistry [Cravens et al., 1987; Cravens, 1991;
Vigren and Galand, 2013; Mendis and Hordnyi, 2013; Rubin et al., 2014].

Several previous missions have made observations of cometary electrons. The International Cometary
Explorer (ICE) made a flyby through the tail of the comet Giacobini-Zinner (G-Z) on 11 September 1985.
Additionally, cometary electrons were observed with the Giotto spacecraft, which did flybys of 1P/Halley
(1P) on 14 March 1986 and then Grigg-Skjellerup (G-S) on 10 July 1992. The comet G-S had the lowest
neutral production rate (Q~6.7x10%"s™"), while G-Z had an intermediate neutral production rate
(Q~2.0%10%%57"), and 1P had the highest production rate (Q~6.9x 10%°s™ "),

Bame et al. [1986] performed a moment analysis of the electron data from the ICE spacecraft, which made a
flyby of G-Z with a closest approach of 7800 km in the comet'’s plasma tail. Based on the density, speed, and
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temperature of the electrons, Bame et al. concluded that ICE had traveled through six distinct regions. From
farthest to closest to the comet, the regions were described as pristine solar wind (7 ecm~3; 500kms;
2x 10° K), transition region (10cm~3; 400 km s~ '; 4x 10° K), sheath (10cm™3; 200km s~"; 3x 10° K), bound-
ary layer (50 cm™; 50 km s~ '; 1.5 x 10° K), cold intermediate coma (100 cm™~>; 0 km s~ '; 7 x 10%K), and plasma
tail (200cm™3; 0kms™'; 7 x 10*K). Bame et al. also noted periodic density and temperature variations in the
transition region and sheath that were anticorrelated. This excluded the possibility of an upstream, fast-mode
shock, but opened the possibility of heating through pickup ion-driven instabilities.

In a similar study, Zwickl et al. [1986] fit the same data set with three Maxwellian distributions to provide
density and temperature measurements for each population. They found that the cometary electrons were
well described by three populations, which they characterize as cold (200cm™3; 3 x 10*K), mid (20cm™;
1% 10°K), and hot (0.1 cm™3; 8 x 10° K). Additionally, Zwickl et al. [1986] found that density and temperature
shared an inverse relationship for the cold and hot population. In the low-energy and high-energy popula-
tions, the lowest temperatures and highest densities were observed near the closest approach to the comet.
In contrast, the midpopulation had higher densities near the comet’s flanks, but there was also a local
maximum near closest approach. They concluded that the cold and midpopulation were likely of cometary
origin [Ashihara, 1978; Cravens, 1987; Gan and Cravens, 1990; Marconi and Mendis, 1986; Hdberli et al.,
1996], and the hot population was likely the solar wind halo electrons [McComas et al., 1992].

Thomsen et al. [1986] found that cometary electrons could be described with a flattop distribution, and that
this behavior was similar to electrons observed elsewhere in the heliosphere that had passed through a weak
shock [Feldman et al., 1983; Feldman, 1985; Scudder, 1995]. Thomsen et al. concluded that this was evidence of
wave heating caused by a bow shock ahead of G-Z, which became intermittent along the flanks. Clark et al.
[2015] used a similar approach to perform the first study of cometary electron evolution around 67P. At 67P
the increased count rate below 100 eV was observed well beyond 3 AU from the Sun, where a shock was not
expected or observed [Clark et al., 2015]. Consequently, Clark et al. suggested that cometary electron heating
was likely due to an admixture of photoelectrons and waves produced by the pickup ion instability.

The flattop distribution was a useful diagnostic tool for characterizing distributions that were not in thermal
equilibrium. However, the flattop distribution lacks the physical meaning of a distribution developed with
the mathematical formalism of statistical mechanics. There have been many recent advances for systems
and specifically plasmas out of thermal equilibrium [Tsallis, 1988; Livadiotis and McComas, 2009, 2011,
2013a, 2013b; Livadiotis, 2015, and references therein]. This work has resulted in a new form of the kappa
distribution originally described by Vasyliunas [1968]. Kappa distributions are useful in the characterization
of solar wind electrons, particularly the halo and strahl electrons [Maksimovic et al., 2005; Stverdk et al.,
2009]. However, much of the work surrounding kappa distributions was developed relatively recently, and
its application to cometary electrons has never been considered.

In this paper we characterize the suprathermal electrons surrounding the comet 67P/Churyumov-
Gerasimenko using Tsallis statistical mechanics. Additionally, we developed a novel technique to calibrate
electron spectrometers using flight data. We used calibrated observations from the ion and electron sensor
(IES) on 30 October 2014 and 15 August 2015 when the comet was far from the Sun and near perihelion,
respectively. Each measurement is fit with the summation of 2 kappa distributions with isotropic tempera-
tures. We find that the measurements on both days are generally well fit by this approach and in agreement
with the work of Bame et al. [1986] and Zwickl et al. [1986]. We then compared the results between 3 AU and
1.3 AU to understand how the different electron populations evolve as the comet approaches the Sun.

2. Instrumentation
2.1. The lon and Electron Sensor (IES)

Theion and electron sensor (IES) includes the only electron spectrometer on board Rosetta. IES measures ener-
gies per charge between 4.3 eV/q and 18 keV/q, with a AE/E of 8%, and has a 360° x 90° field of view with an
angular resolution of 22.5° x 6° for electrons [Burch et al., 2007]. Measurements are made at a variable cadence,
between 128 and 1024s. However, it is impossible to simultaneously return all of the above-mentioned
energy, angular, and time resolution within telemetry constraints. Consequently, measurement modes are
used to reduce the complexity of the data in order to meet specific science goals within data volume limits.
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Optically Simulated Spacecraft Blockage of Rosetta RPC IES
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Figure 1. A simulation showing known objects with IES’ field of view [Acton, 1996]. The azimuthal ranges of IES' ion and
electron anodes are marked above and below the figure, respectively, as the outer and inner labels.

2.2. Flight Calibration of the Electron Sensor

We have developed a technique to calibrate the electron sensor using all of the flight data from 1 January
2015. The ion and electron sensor was calibrated in the laboratory before launch. However, laboratory calibra-
tion is unable to account for factors like spacecraft blockages, differential sensitivity between aging micro-
channel plates, or intangible effects such as aging of sensor components.

Our approach is to assume isotropy in the rest frame of the cometary electron distribution, and that at
least one of IES' look directions has the optimal geometric factor described by Burch et al. [2007] (i.e.,
5% 10~ m?2 sreV/(eV counts/electron)). An isotropic electron distribution is a reasonable assumption based
on results by Zwickl et al. [1986]. We consider the ideal look direction to be free of spacecraft blockages,
generally sunward pointing, and near 0° elevation in IES' field of view. We consider low elevation directions
to be more ideal, because the values calculated in Table 1 of Burch et al. [2007] are specified for 0° elevation
(G. Miller, private communication, 2015).

Figure 1 characterizes the spacecraft blockages relevant to IES. Anode 3 is free of blockages and is generally
pointed sunward. Consequently, we select anode 3 at elevation step 9 as the optimal look direction, which
corresponds to azimuth range 247.5°-270° and elevation range 0° to +6° in the IES coordinate system.
Comparing each look direction to an ideal case is most effective when IES is using a measurement mode that
has high spatial resolution, and for this reason we have limited calibration to high telemetry rate modes with
1024 s time resolution. Moreover, this technique needs a statistically significant number of counts, and results
are improved by integrating multiple measurement cycles together.

We compare the observed counts at every look direction to that of our ideal direction at each energy step.
Equation (1) describes our method for calculating the calibrated geometric factor, G', using observed counts
summed over time, C, at each azimuth step, i, elevation step, j, energy step, k, and the published geometric
factor, G [Burch et al., 2007].

Cijk

G (M
G3, 9,k

Gu:,k =
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IES Electron Differential Energy Flux at 2015/03/07 12:03:49
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Figure 2. A comparison of IES DEF, for a single measurement on 7 March 2015 at 12:03:09, using a (a and b) constant geometric factor and a (c and d) flight-calibrated
geometric factor. Figures 2a and 2c show DEF in elevation and azimuth space, averaged over all energies. The white diamond in Figure 2 shows the position of the
Sun in IES' field of view. Figures 2b and 2d show electron DEF in velocity space averaged over all elevations. The white dashed line shows the spacecraft Sun line. The
black strip between azimuths 67.5° and 90° in Figures 2a and 2¢, and black wedge in Figures 2b and 2d are caused by missing data that are no longer returned due to

a noisy anode.

Equations (2) and (3) describe our estimate of the uncertainty of G" using error propagation of equation (1).
Uncertainty in G is estimated with Poisson statistics, and G is treated as a known constant. Covariance
between counts at azimuth i and elevation j, and azimuth 3 and elevation 9, g 39, is estimated using the
series of data that is integrated to calculate .

. 2
oG, Gl &G,
AG o2 ijk 2 ij.k 20 ik 2
%ijk <6C,J7 REERY 0Csg + 2030k 0C;jk0C3.9k @
G G 2
AG k= ijk + 2:,/,k 0ij 39,k G2 3)
Cs 9.k C3,9,k C3 9.k

Figure 2 shows a comparison of IES flux observations from 7 March 2015 with the application of a constant
geometric factor (Figures 2a and 2b) and the new, flight-calibrated geometric factor developed from mea-
surements taken on 1 January 2015 (Figures 2c and 2d). Figures 2a and 2¢ contain spectrograms of electron
flux averaged over energy with azimuths along the abscissa and elevations along the ordinate. Figures 2b
and 2d show spectrograms of electron differential energy flux (DEF) averaged over all elevations, in a polar

BROILES ET AL.

CHARACTERIZING COMETARY ELECTRONS 7410



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA022972

coordinate system where energy and azimuth correspond to the radial position and the azimuthal position,
respectively. The color bar is scaled from the estimated background level of the instrument to the peak DEF of
each figure to show absolute variations rather than relative variations between pixels. Variations in the aver-
age differential energy flux across anodes and elevations are indicated by changes in the colors represented
in Figures 2a and 2c. The spectrograms using the flight-calibrated geometric factor have more isotropic DEF
as indicated by a nearly flat average differential energy flux in Figure 2c and the circularity in Figure 2d. We
note that data are no longer returned from anode 11 (azimuths 67.5°-90°) due to noise, which causes these
azimuths to be completely black in the spectrograms.

In April 2015, the electron sensor’s response began to change. Anodes 8-15 in the electron sensor started
measuring reduced DEF at lower energies in spite of the new flight calibration. Initially, it was thought to
be a physical effect related to cometary evolution. However, the DEF anisotropy was later found invariant
of spacecraft rotation or position, which strongly suggests that it is an instrumental effect.

The most likely cause for the reduced sensitivity in half of the electron sensor’s anodes is a threshold change
in one of its octal amplifiers. The electron sensor has two charge-sensitive octal amplifiers, which each
enhances the signals of eight anodes. Amplifier 1 is responsible for anodes 0-7, and amplifier 2 is responsible
for anodes 8-15. Each amplifier has one threshold setting for its group of anodes configured during fabrica-
tion. The anodes of amplifier 2 correspond exactly with our loss in differential energy flux. The behavior of
amplifier 2 is not well understood, but the threshold setting is highly suspect since a change in the threshold
level will affect the amplification of all anodes within its group. Amplifier power and ground are also common
to all anodes within the ampilifier's group, but they are also common to both amplifiers: efforts at understand-
ing the cause are ongoing. Nevertheless, we are confident that we can still use the measurements after April
2015 in our study, as we will show below.

3. Results

3.1. Observations

Figure 3 shows the evolution of the cometary electron environment in the year leading up to perihelion. Each
month is separated into individual panels. As shown by Clark et al. [2015], the count rates below 100 eV stea-
dily increased until December 2014. However, the count rate peaked in January or February of 2015 and then
gradually decreased with time. To understand why the intensity of low-energy electrons has decreased near
perihelion (13 August 2015), we have performed case studies on 2 days of observations that are representa-
tive of the inactive and active comet. We have marked the approximate time of both days in Figure 3 as
vertical, black dashed lines along with a red arrow and label. The first day is 30 October 2014 when the comet
was ~3.1 AU from the Sun and ~30 km from Rosetta. The second day of data was measured on 15 August
2015 when the comet was ~1.3 AU from the Sun and ~350 km from Rosetta. We note that black regions occur
where no data was collected.

Figure 4 shows electron DEF over the entire day of 30 October 2014. Figure 4a shows the average DEF at each
E/q step versus time, Figure 4b shows the average DEF at each elevation step versus time, and Figure 4c
shows the average DEF at each azimuth versus time. The solid and dashed lines in Figures 4b and 4c, respec-
tively, show the position of the Sun and 67P in IES' field of view. The vertical, dashed lines mark the times of
case studies that will be discussed in Figure 6. The black pixels in Figure 4c are unreturned data due to a noisy
anode. These observations were made when 67P was outside of the heliocentric distance where water is
significantly sublimated and are representative of the electron environment around a nearly inactive comet.
Similar to Figure 2, the color bar is intentionally scaled from the background threshold of the instrument to
the peak DEF in order to show absolute variations.

The electron DEF remains largely isotropic (Figures 4b and 4c) over the entire day of 30 October 2014.
However, the mid-energy DEF (Figure 4a) varies significantly over the course of the day. The plasma environ-
ment around 67P is highly dynamic with the shortest interval variations occurring on timescales shorter than
IES" measurement cycle, as observed from the Rosetta Langmuir Probe (LAP) instrument and the Mutual
Impedance Probe (MIP) [Eriksson et al., 2006; Trotignon et al., 2006]. However, variations also occur on longer
timescales; an intermediate duration event occurs between 06:00 and 07:00, and a longer duration interval is
observed between 11:00 and 18:00.
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Figure 3. The [ES electron count rate for each energy over time from 1 September 2014 to 1 September 2015. Each month is shown in an individual panel. The obser-
vations of an inactive and active coma were, respectively, made on 30 October 2014 (Day 1) and 15 August 2015 (Day 2) and marked by vertical, black, dashed lines.

Figure 5 shows IES electron DEF over the entire day of 15 August 2015 in the same format as in Figure 4. These
observations were made near perihelion and are representative of IES electron measurements made during
67P's high activity but farther from the comet. The variability in the mid-energy flux is still present, but the
high rates of DEF have receded to lower energies (Figure 5a). We also note the contrast in DEF between azi-
muths greater than and less than 180° (Figure 5c), which is an instrumental effect discussed in section 2.2.

3.2. Fitting Technique

The DEF shown in Figures 4 and 5 can be converted to a velocity space density and fit with statistical models
that characterize the parameters of the electrons such as density and temperature. Equations (4)-(7) below
define the model used to characterize the IES electron data.
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=fw + fy + fag (4)

The model, f, is the sum of a warm distribution, fy, a hot distribution, f;, and a constant background con-
verted to a phase space density, fgg.
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The warm distribution (equation (5)) is a kappa function as defined in equation (3.5) of Livadiotis and
McComas [2013a] and is characterized by the following seven parameters: density, ny, bulk velocity vector,
<v>, <v,>, <v,>, temperature, Ty, spacecraft potential, psc, and an invariant kappa index, xyo. We will
refer to the magnitude of the bulk velocity vector as v,,. The spacecraft potential is determined using data
from LAP as described by Odelstad et al. [2015]. If LAP data is unavailable, gsc is assumed to be 0V, which
may affect the estimated bulk velocity and density. We note that the warm population is comparable in
energy to the midpopulation discussed by Zwickl et al. [1986].
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Figure 5. Average DEF from IES’ electron sensor for 15 August 2015 in the format of Figure 4.

The hot distribution (equation (6)) is also a kappa function with the same mathematical form, but its bulk
velocity vector and spacecraft potential are assumed to be negligibly small. The hot population is also the
same as discussed by Zwickl et al. [1986].

The background noise level of the IES (equation (7)) is an assumed constant count rate of 1.2 counts/s,
divided by the total geometric factor of the instrument defined by Burch et al. [2007], G, and particle speed,
v, to the fourth power.

7)

As discussed in sections 2.2 and 3.1, half of the data from the electron sensor became unreliable after April
2015. This change in instrument behavior is poorly understood and has evolved over time. Consequently,
we only use the data from anodes 0-7 for our fitting analysis. We also use this approach for the measure-
ments taken before April for consistency.

The spacecraft potential, bulk velocity of the hot distribution, and background count rate are all fixed values
in our fitting analysis. However, the remaining nine parameters are varied with the Levenberg-Marquardt
algorithm such that the x? is minimized for each measurement. The computed moments of each measure-
ment set the initial values for each fit.

Figure 6 shows three case studies of our fitting analysis for measurements annotated by the vertical dashed
lines in Figures 4 and 5. Figures 6a—6¢ contain data from measurements at 30 October 2014 12:03:13, 30
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October 2014 20:39:29, and 15 August
2015 18:22:56, respectively. Each fit
was made with the velocity space in
anodes 0-7 and is summed over these
azimuths and all elevations for visualiza-
tion. The observed phase space density
and their uncertainty are represented
by vertical black bars, while f, f;, and
fag are, respectively, shown as dotted
red, dashed blue, and dash-dotted
green curves. The total of all three
functions is represented by the solid
black curve.

There are several important results in
Figure 6. Visual comparison of the
observations to our model appears rea-
sonable for all three measurements.
However, the reduced y* of each mea-
surement is larger than 1, suggesting
that our model underfits the observa-
tions (i.e., the model fails to capture
the complete relationship between
observed phase space density and
velocity). Two likely explanations for
the model underfitting the observations
are as follows: (1) our model incorrectly
assumes that the electrons all have
an isotropic temperature, and (2) our
attempts to correct for instrumental
effects are imperfect. The density of
the warm electron population is
~55-143cm™3 in all three measure-
ments. Similarly, the warm electron
temperature is consistently near 10°K.
The warm population’s xg is in the range
of 12.3-26.3, which is too large to be
considered out of thermal equilibrium
(ko> 1), but it still produces a spectral
tail that is clearly not Maxwellian
[Livadiotis et al, 2013]. In the case of

Figure 6. Case studies comparing fitting
results to individual IES measurements.
Vertical black bars, observed phase space
density and uncertainty; dotted red curve,
the kappa distribution fit to the warm
electron population; dashed blue curve, the
kappa distribution fit to the hot electron
population; dash-dotted green line, constant
instrument background; and solid black
curve, the sum of the three previously
mentioned distributions. Key parameters

of the warm and hot distribution are,
respectively, listed in the upper right corner
of each panel as red and blue text.
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Figure 7. (top) A qualitative comparison of the observations on 30 October 2014 with the (bottom) sum of the fitted distributions of warm and hot electrons.

the measurement at 30 October, 20:39:29 (Figure 6b), we find that the warm electron population is so dense
and has a sufficiently low k that the hot electron population is completely hidden. We find that the masking
of the hot distribution occurs much more regularly in the measurements far from the Sun relative to those
near perihelion.

We have also performed a qualitative comparison between observations from 30 October 2014 and our fitted
model results. The results of this comparison are presented in Figure 7. Figure 7a shows the observed DEF at
each energy step over time, while Figure 7b shows the same quantity computed from the fitted model
described in equation (4). We note that the model does an excellent job of reproducing the energy spectrum
of DEF throughout the day. In particular, we find that the model recreates the variability of DEF below
100 eV/q. Below 20 eV, the model tends to underestimate the DEF, which might be explained by a third,
cold electron population that IES lacks the resolution to model. At higher energies, the model DEF is too large
because the hot population is consistently overestimated by a factor of 2 or 3. The intermittent dropouts of
higher-energy DEF occur when the modeled hot population is negligible relative to the warm population and
background. In summary, the observed DEF is reasonably recreated by the two modeled kappa distributions.

3.3. Fitting Results

Figure 8 shows the results of our fitting analysis for the entire day of 30 October 2014. Figures 8a-8e include
time series of density (a), bulk speed (b), temperature (c), ko values, and a reduced y? estimate of goodness of
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Figure 8. A time series of model fit results with uncertainty for 30 October 2014. (a) Electron density, (b) bulk velocity, (c) electron temperature, (d) xq values, and (e)
reduced XZ. Fit parameters are colored red or blue to indicate whether they belong to the warm or hot population, respectively.

fit. Red data are used for parameters from the warm population model, and blue data are used for parameters
from hot population model. We note that the reduced »? is computed by dividing the y? of the fit by the
number of degrees of freedom, v.

The warm population’s density (Figure 8a, red data) on 30 October 2014 was fairly stable between 10 and
30cm 2. In contrast, the density of the hot population (Figure 8a, blue data) had more variation between
0.005 and 0.1cm™3, but this variation is comparable in size to the parameter uncertainty and may not be
statistically significant. The bulk velocity of the warm population (Figure 8b) varied between 200 and
600kms™'. The interpretation of this fitted velocity as a real velocity of the electron distribution is highly
uncertain. Anisotropies in the particle distribution or in the instrument sensitivity will give rise to nonzero
bulk velocity values in the fit even if no such drift actually exists, particularly for an instrument with limited
field of view. Expected values of such errors could be some significant fraction of the thermal speed.
Comparing to the warm population thermal velocity of about 1000 km/s, our values are in that range.
While the data do not exclude a significant electron drift, the fitted v,, values should not be taken as unam-
biguous evidence for drift speeds at solar wind range. The warm population temperature (Figure 8c, red
data) varied between 1x10° and 3x10°K (8.6-25.9eV) with an approximate 12h periodicity between
peaks (09:00 and 21:00). The comet’s rotation also has a 12 h period, which suggests that variations in
the warm population are related to local neutral variations [Hdssig et al., 2015]. The hot population’s
temperature (Figure 8c, blue data) is also variable, but the variation is comparable to the uncertainty in this
parameter and we do not consider this to be statistically significant. The xo of the warm population
(Figure 8d, red data) is highly variable and ranges from 1 to 1000, (xo= 1000 is the numerical approximation
of infinity in the model, meaning that the electron distribution shape is Maxwellian). The xo of the hot
population (Figure 8d, blue data) range from 0.1 to 1000, but we believe the values of 1000 are the result
of imperfect fitting and not physical. The reduced y° of the fit ranges from 20 to 220, but most values are
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Figure 9. A time series of model fit results for 15 August 2015 in the same format as Figure 8.

less than 100. Additionally, we note that the reduced »* also has a 12 h periodicity and appears correlated
with the warm population’s temperature.

Figure 9 shows the results of our fitting analysis for all measurements on 15 August 2015 in the same format
as Figure 8. The density of the warm population (Figure 9a, red data) is variable and ranges from 10 to
100cm ™3, while the density of the hot population (Figure 9a, blue data) ranges between 0.1 and 1 cm™3,
The velocity of the warm population (Figure 9b) ranges from 500 to 1000kms™". The temperature of the
warm population (Figure 9c¢, red data) varies between 5 x 10% and 1 x 10° K (4.3-8.6 eV), while the tempera-
ture of the hot population (Figure 9¢, blue data) varies between 2 x 10° and 1 x 10°K (17.2-86.2 V). The Ko
values of the warm population (Figure 9d, red data) vary between 1 and 1000, while most of the hot popula-
tion kg values (Figure 9d, blue data) vary between 0.1 and 10. Careful inspection of the electron distributions
and the fit results suggests that the warm population «g values below 10 are likely unrealistic and the result of
the warm distribution attempting to fit the hot population’s high-energy tail. The reduced »? of the measure-
ments maintained a baseline of 20 over the entire day, with occasional spikes up to 140.

Table 1. A Summary of the Fitting Results From Measurements on 30 October 2014 and 15 August 2015

dsun 3AU 13AU

dcomet ~20 km ~300 km

Population fw fh fw fn
n(cm 3 10-30 0.005-0.1 10-100 0.1-1
vkms " 200-600 N/A 400-800 N/A

T (K) 1-3x10° 5-12x10° 5-10x 10% 2-10x10°
Ko 10->1000 0.1-10 10->1000 0.1-10
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Table 1 summarizes the parameters discussed in Figures 8 and 9 and contrasts the physical differences in the
electrons around a comet near 3 AU and 1.3 AU. The largest difference is the density of the hot population,
which is a factor of 10 larger at 1.3 AU. In contrast, there is only a threefold increase in the warm electron
density. The temperature of the warm population is reduced by 50% by the time the comet has reached
perihelion. The temperature of the hot population also appears reduced at perihelion, but this may be the
result of poor temperature estimation in the fit at 3 AU where the uncertainty is noticeably larger.

4. Discussion

In this study, we have evaluated the suprathermal electron environment near comet 67P/Churyumov-
Gerasimenko. Specifically, we used observations from 30 October 2014 when the spacecraft was 20 km from
the comet and 3 AU from the Sun, and from 15 August 2015 when the spacecraft was 300 km from the comet
and 1.3 AU from the Sun. We then fit observed electron velocity space density with the combination of two
three-dimensional kappa distributions and a constant background [Livadiotis and McComas, 2009, 2013a,
2013b]. Finally, we characterized the electron environment around the comet, for 2 days near and far from
the Sun, with the canonical variables of statistical mechanics.

Our analysis of the suprathermal electron environment around 67P results in the following. 1) The geometric
factor of IES' electron sensor has been recalibrated using observations made in flight and expected electron
behavior based on previous observations. 2) The electron DEF around 67P was higher at energies below
100 eV far from the Sun and showed more variation over time. 3) The electron environment around 67P is
well characterized by the combination of a dense, warm kappa distribution and a rarefied, hot kappa distri-
bution. 4) Far from the Sun, increased heating of the warm population occurred multiple times a day and was
often sufficient to obscure the hot electrons. 5) The warm population’s density, temperature, and «, values,
respectively, increased by a factor 3, decreased by a factor of 2, and remained invariant as the comet
approached perihelion. 6) The hot population’s density increased by a factor of 10 between observations
at 3 AU and 1.3 AU, while the temperature and k, values appear invariant with distance.

We have developed a new version of the IES geometric factor that is dependent on the azimuth, elevation,
and energy of each individual voxel. There is significant variation in these values, but they typically remain
within a factor of 10 of the initial value described by Burch et al. [2007]. This is further supported by the den-
sities returned by our fitting analysis, which agree with values measured by Bame et al. [1986] and Zwickl et al.
[1986]. While this calibration enables us to present much improved fits for the energy distribution of the elec-
trons, it should be noted that field-of-view limitations as well as remaining asymmetries limit our ability to
derive an unambiguous flow velocity vector, and the values presented should be seen only as upper limits.
The new version of the IES' geometric factor is a three-dimensional, 16 x 16 X 128 array, and consequently
is too large to share within this document. However, the final version will be made available as soon as pos-
sible with the release of IES’ level 3 (i.e., differential energy flux) data product on the European Space Agency's
Planetary Science Archive. The raw counts returned by IES are already stored in the Planetary Science Archive.

We note that the DEF of electrons above 100 eV was larger when 67P was near 3 AU. Clark et al. [2015] found
the intensity of electron DEF at lower energies continued to increase until early October and then remained
at a high level to the end of their study in early January 2015. Additionally, this result strongly supports the
work of Bodewits et al. [2015], which finds the inactive coma unexpectedly bright in emission lines OH, O|,
CN, NH, and NH, and attributes the brightness to dissociative electron impact excitation. This hypothesis
might be explored further by comparing the observed brightness in the coma at neighboring time intervals
when the observed DEF of electrons was particularly high and low.

The suprathermal electron environment around 67P is well characterized by kappa distributions. In particular,
we find very good qualitative agreement between the observed and modeled DEF shown in Figure 7.
However, the reduced x2 returned by the fitting analysis is rarely below 20 and periodically moves above
100 when the DEF above 100 eV increases. Reduced 32 values above 1 suggest that the model is underfitting
the observations. It is likely that some of the underfitting is caused by imperfect calibration of the geometric
factor discussed in section 2.2. It is also likely that some of the underfitting is caused by real complexity in the
observations, because the reduced 3 of the fit is well correlated with the temperature of the warm distribu-
tion. We speculate that heating of the warm electron population is not isotropic, which is unaccounted for in
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our scalar temperature model. One possible explanation for the anisotropic temperature is perpendicular
heating caused by the compression and draping of interplanetary magnetic field around the comet. This
effect was speculated to have occurred at comet 1P/Halley by Larson et al. [1992], who observed that electron
flux below 100 eV was enhanced in the perpendicular direction. Another possibility is that the electrons are
heated through wave-particle interactions, which are known to cause anisotropic heating [Thomsen et al.,
1986; Shapiro et al., 1999; Clark et al., 2015].

The DEF of electrons near 100 eV periodically increases when the comet was far from the Sun. The periodicity
is generally 12 h, but is not always clear, as some flux increases may be associated with solar wind drivers
[Clark et al., 2015]. The 12 h periodicity suggests that it is associated with similarly periodic neutral density
enhancements in the coma observed by the Comet Pressure Sensor (COPS) [Hdissig et al., 2015]. Edberg
et al. [2015] found that the electron density, observed by LAP and MIP, increased with the neutral density
and showed a similar 6 h periodicity. However, our fitting analysis shows that most of the increase in flux is
caused by an increase in the warm population’s temperature and not from an increase in density. The IES
probably does not observe density increases because the majority of the electrons are below the observed
energy range (4.3-18,000 eV). Moreover, we exclude all data below 10eV from our fitting analysis because
of the poorly understood effect of spacecraft charging. This result is in strong agreement with Zwickl et al.
[1986], who found three electron populations; the coldest of which had a temperature of only a few eV
and would likely have been unobservable by IES. It is unclear if the cold population observed by Zwickl
et al. is the same as the population observed by LAP on Rosetta, but it seems likely.

The strong correlation found between electron densities observed by LAP and MIP and neutral densities
observed by COPS suggests that the bulk of the cold population is cometary photoelectrons. Model predic-
tions indicate that cometary photoelectrons should produce a convolution of shell distributions between 20
and 30eV and a thermalized distribution observable by IES [Gan and Cravens, 1990; Burch et al., 2007]. The
discrepancy between our observations and model predictions presents an unexpected open question.
What is the source of the warm electrons observed in this work and by Zwickl et al. [1986]? We hypothesize
two possible explanations. 1) Warm electrons are also the cometary photoelectrons but transitioning from
their nascent velocity distribution into a colder, thermally equilibrated state that IES does not observe. A tran-
sitional state approaching thermal equilibrium is supported by the calculated x values of the warm popula-
tion (i.e, 10->1000), which suggests that they are slightly out of thermal equilibrium and consequently
experiencing heating or cooling. This was further studied by Madanian et al. [2016], which used ambipolar
electric field and plasma compression to explain the buildup of cold electron population near the comet
67P. 2) Warm electrons are locally heated from the unobserved reservoir of cold electrons, perhaps through
wave-particle interactions as suggested by Thomsen et al. [1986] and Clark et al. [2015]. Richter et al. [2015]
and Volwerk et al. [2016] have observed waves at 67P, but these waves are likely too low in frequency to
significantly affect the electrons.

The density of the warm electron population increased by a factor of 3 as the comet approached the Sun. The
comet was more active at perihelion, but the spacecraft was also a factor of 10 farther from the comet than in
October 2014. Comparing the COPS neutral density between 30 October 2014 and 15 August 2015, we find
that the local neutral densities are ~10” cm > on both days. We speculate that the increase in warm electron
population density relative to the neutral density may be explained by the increased photoionization rate of
the comet closer to the Sun. Solar irradiance is proportional to r~2, which increases the light intensity by a
factor of 5.3 from 3 AU to 1.3 AU. In contrast, the temperature of the warm population cooled by a factor
of 2 as 67P approached perihelion. The warm population temperature on 30 October 2014 and 15 August
2015, respectively, matches those found by Zwickl et al. [1986] in the midpopulation far from the comet
and at closest approach. The ICE mission traveled through the coma of G-Z over a few hours. In contrast,
Rosetta has remained in a relatively fixed location, while 67P’s coma expanded around it. The «q values for
the warm population are invariant with heliocentric distance, and in the range of 10->1000. For the warm
population, the values of xy suggest that the warm population is near thermal equilibrium, but some heating
or cooling is occurring. It is also interesting to note how quickly the values change. The values can change
from 10 to 1000 in a single measurement cycle, suggesting that this state is dynamic.

The hot population density increases by a factor 10 between 3 AU and 1.3 AU. Additionally, the temperature
of the hot population appears invariant with heliocentric distance. The x, values of the hot population are
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stable and consistently in the range of 1-10 on both days included in this study. Our observations of the hot
population density, temperature, and kg values closely agree with observations of solar wind halo electrons
between 1 and 3 AU [McComas et al., 1992; Stverdk et al., 2009]. Consequently, our result supports the conclu-
sion of Zwickl et al. [1986]; the hot electron population originates in the solar wind.

5. Conclusions

We presented the first characterization of cometary electrons using statistical mechanics for systems out of
thermal equilibrium. We found that there are at least three populations of electrons near 67P, and only
two of which are observable by IES. Both observable populations are well characterized by kappa distribu-
tions, which we define as a dense, warm population and a rarefied, hot population. However, it seems likely
that some anisotropic heating is occurring, which we intend to study in future work by fitting the observa-
tions with bikappa distributions. The rarefied, hot population is very likely to be solar wind halo electrons
impinging upon the coma along draped interplanetary magnetic field lines. The dense, warm population is
much less well understood. We speculate that the warm population might be cometary photoelectrons
transitioning from their early state into a more stable distribution, or that they might be heated from the
unobserved, cold population.
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Erratum

In the originally published version of this article, equations (5) and (6) were incorrect. They have since been
corrected, and this version may be considered the authoritative version of record.
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