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ABSTRACT

We study the evolution of a cometary ionosphere, using approximately two years of plasma measurements by the Mutual Impedance
Probe on board the Rosetta spacecraft monitoring comet 67P/Churyumov-Gerasimenko (67P) during August 2014—September 2016.
The in situ plasma density measurements are utilized to estimate the altitude-integrated electron number density or cometary iono-
spheric total electron content (TEC) of 67P based on the assumption of radially expanding plasma. The TEC is shown to increase
with decreasing heliocentric distance (r3,) of the comet, reaching a peak value of ~(133 + 84) x 10° cm™2 averaged around perihelion
(m < 1.5 au). At large heliocentric distances (r, > 2.5 au), the TEC decreases by ~2 orders of magnitude. For the same heliocentric
distance, TEC values are found to be significantly larger during the post-perihelion periods compared to the pre-perihelion TEC values.
This “ionospheric hysteresis effect” is more prominent in the southern hemisphere of the comet and at large heliocentric distances.
A significant hemispheric asymmetry is observed during perihelion with approximately two times larger TEC values in the northern
hemisphere compared to the southern hemisphere. The asymmetry is reversed and stronger during post-perihelion (r;, > 1.5 au) periods
with approximately three times larger TEC values in the southern hemisphere compared to the northern hemisphere. Hemispheric
asymmetry was less prominent during the pre-perihelion intervals. The correlation of the cometary TEC with the incident solar ioniz-
ing fluxes is maximum around and slightly after perihelion (1.5 au < r, < 2 au), while it significantly decreases at larger heliocentric
distances (1, > 2.5 au) where the photo-ionization contribution to the TEC variability decreases. The results are discussed based on

cometary ionospheric production and loss processes.

Key words. comets: general — comets: individual: 67P/Churyumov-Gerasimenko — Sun: activity — Sun: UV radiation —

methods: data analysis

1. Introduction

The main aim of this work is to study the evolution of a
cometary ionosphere with the heliocentric distance and life
cycle of a comet. It is based on the in situ plasma mea-
surements by Rosetta (Glassmeier et al. 2007) around comet
67P/Churyumov-Gerasimenko (hereafter referred to as 67P;
Churyumov & Gerasimenko 1972). The Rosetta spacecraft mon-
itored the cometary plasma environment from 2014 August 6 to
2016 September 30. During this time interval, comet 67P moved
from a heliocentric distance of ~3.6 au toward the Sun, attained
a perihelion distance of ~1.2 au from the Sun, and again moved
away from the Sun as far as ~3.8 au until the Rosetta operations
were terminated. This enabled Rosetta to explore the evolution of
the cometary ionosphere from a weak activity state to a highly
active state, and again back to a quiet state.

Comet 67P is reported to have a dynamic ionosphere (see
Edberg et al. 2015; Galand et al. 2016; Vigren et al. 2016; Hajra
et al. 2017, 2018a,b; Henri et al. 2017; Heritier et al. 2017, 2018;
Engelhardt et al. 2018). This ionosphere consists of newborn or
freshly picked-up water group ions, such as H,O" and H;0",

and CO* and COj ions (Fuselier et al. 2015, 2016; Nilsson et al.
2015; Goldstein et al. 2017; Beth et al. 2019), together with warm
(~5-10 eV) and cold (<0.1 eV) electrons (Eriksson et al. 2017,
Gilet et al. 2017; Wattieaux et al. 2019); there is also a lesser pop-
ulation of energetic (~10-200 eV) electrons (Clark et al. 2015;
Broiles et al. 2016; Myllys et al. 2019). The photo-ionization
or electron-impact ionization of cometary neutrals (e.g., H>O,
CO;,, and CO; Le Roy et al. 2015; Fougere et al. 2016), and, to
a lesser extent, the charge-exchange of cometary neutrals with
solar wind ions, have been shown to be the main sources of
the cometary ions and electrons (Cravens et al. 1987; Vigren &
Galand 2013; Galand et al. 2016; Vigren et al. 2016; Heritier et al.
2018; Simon Wedlund et al. 2016).

The 67P cometary ionosphere studies reported earlier are
based on plasma measurements along the Rosetta orbiter space-
craft trajectory that varied largely between 0 and ~1500 km from
the comet nucleus. However, a cometary ionosphere has a large
altitudinal extent, which depends on its activity level. As the
plasma density varies significantly depending on the cometocen-
tric distance (e.g., Edberg et al. 2015), in situ spacecraft plasma
measurements cannot directly give a complete description of the
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cometary ionosphere. In this context, we estimate the altitude-
integrated electron number density of comet 67P, referred to
as cometary total electron content (TEC). Using this param-
eter, we describe the cometary ionospheric evolution over a
wide range of cometary activity throughout the Rosetta mission.
Cometary ionospheric variability dependences, if any, on the
cometary hemisphere, heliocentric distance, and solar activity
will be quantified.

2. Data and method of analyses

The total electron density (N.) at the spacecraft location was
deduced from the mutual impedance spectra obtained from the
Mutual Impedance Probe (MIP; Trotignon et al. 2007) of the
Rosetta Plasma Consortium (RPC; Carr et al. 2007) on board
the Rosetta spacecraft. The RPC-MIP is a linear quadrupolar
electrode array consisting of two transmitting electric monopoles
and one receiving electric dipole, mounted on a 1 m in length
carbon fiber-reinforced plastic cylindrical bar with diameter of
2 cm. Each of the electrodes are 20 cm long with diameter of
1.1 cm. Each of the transmitting monopoles is at a 40 cm dis-
tance from the nearest receiver and the largest distance between
a transmitter and receiver is 1 m.

A mutual impedance spectrum is produced by feeding sinu-
soidal currents at different frequencies to the transmitters and
measuring simultaneously the voltage difference from a receiv-
ing dipole with both electric dipoles embedded in the plasma
to be measured. When the plasma Debye length (1p) is smaller
than the transmitter-receiver distance, the electron plasma fre-
quency f, can be identified from a resonance in the mutual
impedance spectrum. The electron density N, is estimated from
Jp as N ~(fp/8.98)1/2, where f, is in kHz and N, in cm™. For
cases in which the plasma Debye length is too large (i.e., plasma
density that is too small), typically in the range 40 cm < Ap <4 m,
RPC-MIP could make use of one of the two Langmuir probes of
the LAngmuir Probe (RPC-LAP; Eriksson et al. 2007) instru-
ment as an additional electric transmitter, located 4 m away
from the RPC-MIP receiver. The RPC-MIP operational mode
that makes use of the RPC-MIP transmitters is known as short
Debye length (SDL) mode, while the mode that makes use of
the RPC-LAP1 as a transmitter is referred to as the long Debye
length (LDL) mode.

Using the above principle, cometary ionospheric electron
density N, was estimated along the Rosetta trajectories around
comet 67P. For this long-term study, we utilized the average N,
over a time window of 320 s when the number of density mea-
surements extracted from the RPC-MIP spectra exceeds 50% of
the total number of available spectra during that time window.
During an approximately two-year-long period Rosetta moni-
tored in situ the cometary plasma environment from a varying
distance between 0 and ~1500 km. Vigren & Galand (2013)
predict an N, altitude profile with a peak ionospheric density
above the comet surface. From the analysis of the near-surface
cometary ionospheric density measurements during the final
descent of Rosetta spacecraft to 67P, a peak in N, was identified
and was found to be located at ~5 km from the cometary nucleus
center (Heritier et al. 2017). This result therefore confirmed the
previous theoretical expectations of the cometary ionosphere
peak density location. This location was shown to be depen-
dent only on the geometry of the nucleus, and to be independent
of solar or other external conditions. Using these results, and
the fact that N, follows an r;! dependence (Edberg et al. 2015),
where r. is the cometocentric distance, above the altitude of the
peak density (Heritier et al. 2017), we schematically present the
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Fig. 1. Schematic N, profile of comet 67P as a function of cometocentric
distance r.. The quantity N, represents the peak plasma density and r,
is the corresponding cometocentric distance.

r.-dependent ionospheric N, profile of 67P in Fig. 1. Based on
this simple schematic consideration, we define a cometary TEC
or the altitude-integrated electron number density as follows:

H
TEC = f No(ro)dre. M

™

N, -+ for H > r. > 1p
where N.(r;) = N 15

:]%: for ry < re < rp.

In equation (1), r, is the average radius of comet 67P, typi-
cally taken as 2 km. The quantity N, represents the peak plasma
density and r, is corresponding cometocentric distance which is
considered to be 5 km. For practical reasons, we take the upper
limit of integration H as 500 km. This ensures convergence and
is justified by the fact that the cometary plasma density is shown
to follow a much steeper variation, closer to r;2, at larger dis-
tances (see Behar et al. 2018) associated with the cometary ion
pick-up process in the incoming magnetized solar wind flow;
this results in insignificant contribution to cometary ionospheric
TEC at large cometocentric distances. It should be noted that this
TEC estimation is based on an assumption of radially expanding
plasma. However, a radial expansion at the constant velocity of
plasma may not be expected out to several 100 km, particularly
at a low activity period. During such conditions, density contri-
butions from distances above 100 km may be significantly low.
This is discussed later in the paper.

Using the above relations, TEC is finally expressed as a
function of N, and r.:

4.9 X 10°r.N,
B4 % 109N,

for 500 km > r. > 5 km

TEC:{ for 2 km < r, < 5 km,

where N, and r. are obtained from Rosetta measurements in
cm™3 and km, respectively, and TEC is obtained in cm™2.

The TEC represents the total number of free thermal elec-
trons contained in a column of unit cross-section along a vertical
propagation path from the comet surface to an altitude of
500 km. Because it is an altitude-integrated parameter, TEC
is supposed to give a description of the cometary ionosphere
that is independent of the Rosetta cometocentric distance r.
at the time of measurement. Therefore TEC is more suitable
than a single-point N, value to study the global structure of the
cometary ionosphere. For example, TEC can give more complete
idea about the altitude extent of the cometary diamagnetic cav-
ity void of magnetic fields (e.g., Goetz et al. 2016a,b; Nemeth
et al. 2016; Timar et al. 2017), about the global impacts of space
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weather events like coronal mass ejections (CMEs; e.g., Witasse
et al. 2017; Goetz et al. 2019), corotating interaction regions
(CIRs) between solar wind high-speed streams, and slow streams
(e.g., Edberg et al. 2016; Hajra et al. 2018b) on the cometary
atmosphere.

The main neutral species present in the 67P coma are
reported to be H,O, CO,, and CO (Héssig et al. 2015; Le Roy
et al. 2015; Fougere et al. 2016). Their ionization threshold
wavelengths are ~98, 90, and 89 nm, respectively, below which
absorption of solar photons can lead to ionization (e.g., Galand
et al. 2016). Thus the solar flux dependence of the cometary
plasma can be studied by considering the solar extreme ultravi-
olet (EUV) radiations. As there was no EUV solar flux monitor
on board the Rosetta spacecraft, we used the daily average spec-
tral solar fluxes obtained from the Thermosphere Ionosphere
Mesophere Energetics and Dynamics—Solar EUV Experiment
(TIMED-SEE; Woods et al. 2005). The fluxes are corrected
for the 67P orbit by considering the Earth-Sun-67P angle and
an interplanetary solar rotation period of 26 days (Withers &
Mendillo 2005). Since the solar flux is proportional to the inverse
square of distance from the Sun, the actual fluxes (EUVc) inci-
dent on the comet nucleus are estimated by taking into account
the heliocentric distance of comet 67P (once the shift in angle
has been considered).

According to analytical ionospheric modeling at the comet
(Galand et al. 2016; Vigren et al. 2016), cometary plasma density
NP h(rc) at a cometocentric distance r. due to photo-ionization of
cometary neutral species / by solar ionizing fluxes is estimated
as follows:

ph
v, (re —10)
NE'(re) = L——ny(re), ©)
where
Ath
W = f P ()F(DdA. 3)
/{min

In the above equations, vf " is the photo-ionization frequency
of cometary outgassing neutral species /, u; is the ion bulk veloc-

ity, ny(r.) is the cometary neutral density at r, ofh(/l) is the
total photo-ionization cross-section of the neutral species / hav-
ing ionization threshold and minimum wavelengths Ay, and App,
respectively, and F (1) is the un-attenuated solar ionizing flux
at the comet ionosphere. We estimated the photo-ionization fre-
quency, electron density N, along the Rosetta trajectory, and
TEC due to photo-ionization using the above relationships. The
TIMED-SEE spectral solar flux extrapolated as described above

are used to estimate v?h, following Heritier et al. (2018). We
considered photo-ionization cross-sections separately for domi-
nating species H,O given in Vigren & Galand (2013) and species
CO; given in Cui et al. (2011). This same procedure was used by
Galand et al. (2016) and Heritier et al. (2018) for modeling 67P in
situ ionospheric plasma, although the above-mentioned authors
also included electron-impact ionization. The Ay, is taken as
0.1 nm. Accounting for the range of neutral outflow velocity,
we estimated a range of N, and TEC for u; of 500 m s~! and
900 m s~} (Gulkis et al. 2015; Lee et al. 2015; Galand et al. 2016;
Hansen et al. 2016; Marshall et al. 2017). The cometary neutral
density n, measured by the Rosetta Orbiter Spectrometer for Ion
and Neutral Analysis/COmet Pressure Sensor (ROSINA/COPS;
Balsiger et al. 2007) was used for the present analysis. It may be
mentioned that the ROSINA/COPS rn, measurement is sensitive
to the neutral composition (Gasc et al. 2017). However, in our
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Fig. 2. Ionosphere of comet 67P during the Rosetta mission. From top
to bottom panels: ionospheric TEC derived from RPC-MIP, observed
electron density (N.) along the Rosetta spacecraft trajectory, and helio-
centric distance (r,) of comet 67P (blue, scale on the left), and come-
tocentric distance (r.) of Rosetta from 67P (red, scale on the right),
respectively. Top two panels: the blue points show 320 s average data
and red shows the corresponding daily averages (see Sect. 2).

model calculation, we took care of this factor in the estimation
of photo-ionization frequencies of the species (see Galand et al.
2016).

3. Results

3.1. Cometary TEC variation during the entire Rosetta
mission: an overview

The variations of estimated TEC and in situ electron density N,
along the spacecraft trajectory, along with the cometocentric dis-
tance r. and the heliocentric distance r, of comet 67P for the
entire mission operation interval are shown in Fig. 2. The blue
data points in the top two panels correspond to 320 s average
RPC-MIP measurements with >50% detection ratio (see Sect. 2),
while the red points correspond to their “daily averages”. It
should be noted that the comet exhibits roughly two rotations per
24 h period, thus the daily average is performed over roughly two
cometary rotations. We also excluded the intervals with promi-
nent solar and interplanetary disturbances (Edberg et al. 2016;
Hajra et al. 2018a; Goetz et al. 2019) to study the “quiet-time”
ionospheric behavior. The day with cometary brightness outburst
was also excluded (Hajra et al. 2017). From Fig. 2 discontinuities
can be recorded in N, and TEC during June 2015. It may be noted
that there was a change in Rosetta operation mode on 2015 June
29; LDL was mostly used before and SDL mostly used after. The
maximum density retrieved in LDL mode is ~350 cm™3, while
plasma density below ~500 cm™ cannot be measured in SDL
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Table 1. Classification of the mission period according to the heliocentric distance r, of comet 67P.

Interval

Date

Season

Pre-perihelion (1, > 2.5 au)
Pre-perihelion (1.5 au < r, < 2 au)
Perihelion (r, < 1.5 au)
Post-perihelion (1.5 au < r, < 2 au)

2014-09-10 to 2015-01-19
2015-03-28 to 2015-06-02
2015-06-04 to 2015-10-20
2015-10-22 to 2015-12-28
2016-03-04 to 2016-09-30

NH Summer — SH Winter
NH Summer/Autumn — SH Winter/Spring
NH Autumn/Winter — SH Spring/Summer
NH Winter — SH Summer

Post-perihelion (r, > 2.5 au)

NH Winter/Spring — SH Summer/Autumn

Notes. North hemispheric and south hemispheric are abbreviated NH and SH, respectively.

Table 2. Statistical mean and standard deviations of diurnal mean and median TEC during various orbital phases of comet 67P.

Parameters Pre-perihelion Perihelion Post-perihelion
m>25au lSau<m<2au m<lSau lSau<m<2au rm>25au
(TEC) (x10° cm~2) 1+£0.5 11+4 133+ 84 27+12 3+2
TECmed (x10° cm™2) 1+£0.5 10+5 129 + 85 25+12 3+2
mode. However, all RPC-MIP spectra were manually scrutinized 5087 E
to avoid the errors associated with this mode change. - <TECpost>
During the entire Rosetta mission operation period, a maxi- 81.0 <TECpre>
mum TEC of ~555 x 10° cm~2 was estimated on 2015 September o
7 at a heliocentric distance of ~1.28 au. However, plasma den- ’
sity variations below ~10% would not be detected because of the 1.5
finite frequency resolution in the RPC-MIP operational mode o2k >
used to retrieve the plasma density. This may introduce errors T ! ! |
in the lowest TEC values as TEC is a linear function of in situ £ .
. 598.7 £ Northern Hemisphere
plasma density. 3
For statistical analysis and comparison, the entire Rosetta & 810c ‘y; P
observation period is divided into five intervals according to the 5 e ﬁ Lo
heliocentric distance and orbital position of comet 67P. These o MO0F g*' i
consist of perihelion, where r, < 1.5 au; medium heliocentric < 4sF '“‘ Hpde
distances of 1.5 au < r, < 2 au before and after perihelion; 8 3 ! ‘ f‘
and large heliocentric distances r, > 2.5 au before and after S . . . . ' LI
perihelion. The intervals are shown in Table 1. The corre- . ]
sponding seasonal information taken from Heritier et al. (2018) 5087 F . Southern Hemisphere
is also shown. The statistical characteristics of TEC during 810 ',k i
these intervals are summarized in Table 2. The TEC exhibits
large variability as evident from significant standard deviations. 1.0 ¢ ‘ ‘ . ﬁ“ i o
As 67P approached the Sun, TEC increased and reached its 15E ’ 1 ‘
maximum following perihelion, after which it decreased with TE ! '“ s
increasing heliocentric distance. Average diurnal TEC during 02k i
perihelion is ~(133 + 84) x 10° cm™2, that is, significantly larger h ' . ' s ‘ .
than ~(1-3) x 10° cm™2 recorded at large heliocentric distances - (au)
h

(>2.5 au).

3.2. Cometary TEC dependence on heliocentric distance

The variation of TEC as a function of heliocentric distance r;, of
67P is shown in Fig. 3. The green circles in the top panel show all
TEC values during the entire mission (320 s average), while blue
and red triangles show the daily average TEC during pre- and
post- perihelion periods, respectively. The middle and bottom
panels show data separately for northern and southern hemi-
spheres, respectively. A clear decrease in TEC with increasing ry,
can be noted during both pre- and post- perihelion periods. The
blue and red lines (top panel) represent the regression equations
obtained from regression analysis between logarithm of TEC and
r, during pre- and post- perihelion periods, respectively. From
this analysis, TEC can be expressed as an exponential function of
ry: TEC = Aexp(-Bry), where A and B are constants. The values
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Fig. 3. Variation of TEC with heliocentric distance r,. Top panel: the
green circles show the 320 s average TEC values during the entire
mission operation period, while blue and red triangles show the daily
average TEC during pre- and post- perihelion periods, respectively (see
Sect. 2). The linear fits between logarithm of TEC and ry, are also shown.
Middle and bottom panels: pre- (blue) and post- (red) perihelion TEC
values in northern and southern hemispheres, respectively.

of the constants and the corresponding correlation coefficients
(cc) are given in Table 3. High values of cc confirm significant
association of TEC with r,. However, at the same r,, TEC values
during the post-perihelion period are significantly (roughly two
to four times) larger compared to the pre-perihelion TEC values.
This “ionospheric hysteresis effect” is more prominent at large
heliocentric distances. This result is also consistent with results
shown in Table 2.
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Fig. 4. Quiet time average TEC maps during different phases of the Rosetta mission. The color bar maximum values in the top, middle, and bottom

panels are different.

Table 3. Cometary TEC (in 10° cm™2) vs. heliocentric distance ry, (in
au) during pre- and post- perihelion periods.

Phase Relationship cc
Pre-perihelion ~ TEC = 14.3 x 10%exp(-2.5r,) —0.93
Post-perihelion  TEC = 6.7 x 10*exp(—1.8r,)  —0.91

Figure 3 (middle and bottom panels) shows clear hemi-
spheric dependence of the hysteresis effect. In the northern
hemisphere, pre- and post- perihelion TEC values are quite
comparable at all heliocentric distances. However, in the south-
ern hemisphere, post-perihelion TECs are significantly larger
than the pre-perihelion values. A more detailed study on the
hemispheric asymmetry is presented in Sect. 3.3.

3.3. Hemispheric asymmetry of cometary TEC

Previous studies (e.g., Edberg et al. 2016; Galand et al. 2016;
Hajra et al. 2018a) reported that cometary N, variation exhibits
dependences on the cometary sub-spacecraft latitude (1) and
longitude (6). To verify any A-6 dependence of TEC, we devel-
oped average quiet time TEC maps for the five intervals shown in
Table 1. The maps are shown in Fig. 4. The average TEC values
at each A6 grid are shown in the associated color scales.

In general, the average TEC values decrease with increas-
ing heliocentric distance before and after perihelion. The TEC
is larger in the post-perihelion periods compared to the pre-
perihelion intervals for the same heliocentric distance range.
These are consistent with the results depicted in Fig. 3 and
Table 2. In addition to these, variation in the hemispheric
asymmetry is shown in Fig. 4.

During post-perihelion, at both 1.5 au < r, < 2 au and at
rh > 2.5 au, TEC values are prominently larger in the south-
ern hemisphere (~(50-70) x 10° cm~2 and ~(6-10) x 10° cm™2,
respectively) compared to the northern hemisphere (~(20—
30) x 10° cm™2 and ~(2-3) x 10° cm™2, respectively). Thus, on
the average, TEC in the southern hemisphere is approximiately
three times larger than the TEC in the northern hemisphere dur-
ing the post-perihelion period. During perihelion, TEC estima-
tions are available from ~70° N latitude to ~60° S latitude of the
comet. Around the low- to mid- latitude zone (~20-50°), TEC
values of ~(150-200) x 10° cm~2 are recorded in the southern
hemisphere, while TEC varies around ~(350-400) x 10° cm™2
in the northern hemisphere. Thus, during perihelion, TEC in the
northern hemisphere is approximately two times larger than the
southern hemispheric TEC on the average. This clearly shows
a reversal of hemispheric asymmetry between perihelion with
higher TEC in the northern hemisphere, and post-perihelion
with higher TEC in the southern hemisphere. However, such
hemispheric asymmetry seems to be less prominent during the
pre-perihelion intervals when overall TEC values were smaller.

3.4. Cometary TEC dependence on solar ionizing fluxes

Figure 5 shows the variation of diurnal median TEC with the ion-
izing EUV fluxes incident on the comet 67P ionosphere (EUVc)
at different phases of the cometary activity (Table 1). The TEC
is found to increase linearly with increasing EUVc. The correla-
tion coefficient cc of linear regression between TEC and EUVc
exhibits an interesting dependence on the heliocentric distance
r,. Both during pre- and post-perihelion periods, cc increases
with decreasing heliocentric distance. The best correlation is
however recorded at distances 1.5 au < r, < 2 au and decreases
at larger heliocentric distances ry > 2.5 au. The relationships are
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Fig. 5. Variation of diurnal median TEC with EUVc. The linear regres-
sion fits and regression coefficients (cc) are shown in each plot. All the
correlation coefficients are significant at the 99.9% confidence level.

statistically significant at the 99.9% confidence level (Student’s
t-test; Student 1908).

Considering the contributions of solar ionizing fluxes on
the cometary plasma, TEC values due to photo-ionization are
estimated for the entire mission. These are compared with the
estimated values (red) from the RPC-MIP observations in Fig. 6.
The blue and green points in the top two panels correspond to
model values computed using ion bulk velocities of 500 and
900 m s~!, respectively. In the top panel, TEC model values are
estimated by only considering photo-ionization of H,O, while
TEC model estimations in the second panel from top correspond
to CO; as the only ionized neutral species. It is interesting to note
that estimated electron density due to photo-ionization of CO, is
larger than that due to photo-ionization of H,O by ~20-40%.
This is consistent with results shown by Galand et al. (2016).
According to their model study for a pre-perihelion period when
comet 67P was at a heliocentric distance of ~3 au, the photo-
ionization frequency increased by 18% at most from a pure H,O
to a half CO; and half H,O mixture (Lauter et al. 2018).

The diurnal average TEC values and standard deviations
obtained from the actual observations are shown by red points
and error bars, respectively, in the top two panels of Fig. 6. For
1.5 au < r, < 2 au, the model values are found to match well
with the observed values both during pre- and post-perihelion
periods. This result is consistent with the highest correlation
coefficients between TEC and solar ionizing fluxes recorded
during these periods as shown in Fig. 5. At larger heliocentric
distances r, > 2.5 au, modeled values due to photo-ionization
are found to underestimate the actual observation. This indi-
cates possible domination of another ionization process over the
photo-ionization. On the other hand, the model overestimates the
observations during perihelion. This result is in good agreement
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Fig. 6. Comparison between observed and modeled TEC at comet 67P
during the entire Rosetta mission operation period. In the top two pan-
els, the red points show the diurnally averaged TEC values obtained
from actual observation, while the blue and green points correspond to
the model TEC values for ion bulk speeds of 500 and 900 m s~!, respec-
tively. Top panel: the modeled TEC values correspond to a pure H,O
coma, while they correspond to a pure CO, coma in the second panel
from the top. Third panel from the top: corrected EUV fluxes incident
on the comet. Bottom panel: variations of r, (blue, legend on the left)
and r, (red, legend on the right).

with the recent study by Vigren et al. (2019), who demonstrate
that the standard simplified ionospheric models (e.g., Galand
et al. 2016; Heritier et al. 2018) overestimate observed electron
density near perihelion, while the level of agreement improves at
larger heliocentric distances.

3.5. Dawn—dusk effects on cometary TEC

The Rosetta spacecraft orbited comet 67P in its terminator plane
corresponding to dawn and/or dusk local times. To study the
dawn—dusk effects on the cometary TEC, if any, we consid-
ered TEC variations during the last four months of the mission,
from 2016 June to September, when the comet was between
~3.1 and ~3.8 au from the Sun. All TEC measurements during
this period were separated according to local dawn (0400—
0800 LT at the sub-spacecraft point) and dusk (1600-2000 LT)
time sectors. These are shown in Fig. 7. Dusk TEC values are
often larger compared to the dawn-time values. When north-
ern and southern hemispheric values are separated, a clear
hemispheric dependence can be noted in the dawn-dusk TEC
variability. Overall TEC values are smaller in northern hemi-
sphere compared to those in the southern hemisphere, which is
consistent with results shown in previous sections. While dawn
and dusk TEC values are comparable (~1.5x 10° cm™?) in the
northern hemisphere, dusk-time TEC values (~10.9 x 10° cm™2)
are often significantly larger than the dawn-time TEC values
(~3.2x 10° cm™2) in the southern hemisphere.
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Fig. 7. Variation of TEC with heliocentric distance r, during 2016 June—
September. The blue empty and red filled circles correspond to TEC
values during dawn (0400-0800 LT) and dusk (1600-2000 LT) local
times, respectively. While the fop panel shows the data for both hemi-
spheres combined, the middle and bottom panels show TEC values in
northern and southern hemispheres, respectively.

4. Discussion
4.1. TEC variability

We explored cometary ionospheric variability during solar/
interplanetary quiet intervals. The TEC values depict high vari-
ability of the quiet-time ionosphere of comet 67P. During the
entire Rosetta mission, comet 67P exhibited a large TEC varia-
tion by ~2 orders of magnitude on average, with a daily-average
peak of ~(133 +84)x 10° cm™2 near perihelion. This may be
compared to a neutral outgassing rate variation by ~3 orders of
magnitude when the heliocentric distance varied from ~1.2 to
3.8 au (Hansen et al. 2016; Heritier et al. 2018). The present study
suggests an exponential decay of TEC with the heliocentric
distance. This can be related to a steep evolution of the neutral
outgassing rate with heliocentric distance, typically between
r© to r;7 as reported in previous studies (e.g., Snodgrass et al.
2013; Simon Wedlund et al. 2016; Biver et al. 2019).

There were very few previous attempts to estimate cometary
TEC based on remote sensing and/or flyby experiments.
Edenhofer et al. (1985) suggested a peak TEC value of
~10 x 10'? cm~2 of comet 1P/Halley (at a heliocentric distance of
~0.9 au) based on a Doppler simulation during Giotto spacecraft
encounter on 1986 March 14. The ionospheric sounding of the
comet by coherent dual frequency (C-band: 5.8 GHz and L-band:
0.9 GHz) radio waves during the Vega-1 spacecraft flyby on
1986 March 6 revealed a peak cometary TEC of ~5 x 10'> cm™
(Pitzold et al. 1997). Both of these studies used radial distribu-
tion of cometary electron density to estimate TEC as is done in
the present work. The Halley TEC values are ~2 orders of magni-
tude larger than the peak TEC value at comet 67P obtained in the
present work. This is consistent with the fact that the cometary

neutral outgassing rate of 67P is significantly less (by ~2 orders
of magnitude) than that at comet Halley (see, e.g., Mandt et al.
2016; Ksanfomality 2017, and references therein). Compared to
comet 67P TEC, the highly variable terrestrial ionospheric TEC
is ~3 orders of magnitude larger near dayside maximum (see
Browne et al. 1956; Evans 1956; Hargreaves 1992; Mannucci
et al. 1998; Tsurutani et al. 2004; Chakraborty & Hajra 2008;
Hajra 2012; Hajra et al. 2016, and references therein).

4.2. TEC hysteresis

A cometary ionospheric hysteresis effect is revealed for the first
time in the present work. At the same heliocentric distance,
overall TEC values are larger during post-perihelion than dur-
ing pre-perihelion intervals. When separated in hemispheres, the
hysteresis is found to be a dominant feature over the southern
hemisphere, while north hemispheric TEC values are found to be
comparable between pre- and post-perihelion intervals. It may be
noted that Hansen et al. (2016) report local outgassing rate peak
~20 days after perihelion, attributed to some plausible hemi-
spheric effects and neutral density variation (see Hansen et al.
2016; Heritier et al. 2018). While the neutral outgassing rate
shows asymmetry pre- and post-perihelion, TEC hysteresis may
not be solely related to the cometary neutral density asymmetry.
This is supported by the present work showing lower ionizing
solar fluxes incident on the comet ionosphere after perihelion
compared to the pre-perihelion fluxes (Fig. 6), confirming ear-
lier results (Heritier et al. 2018). This latter result is related to the
fact that the entire mission interval was in the descending part of
the solar activity cycle 24. An additional cause may be that the
inbound equinox was much closer to perihelion compared to the
outbound equinox.

The asymmetry may also be triggered by an asymmetry in
electron-impact ionization, which is a key ionizing source at
large heliocentric distances (Heritier et al. 2018). Other impor-
tant factors contributing to TEC variability may be the atten-
uation of solar ionizing fluxes by the cometary neutrals and
dissociative recombination between electrons and ions (Heritier
et al. 2018; Beth et al. 2019). Both these processes can act
to reduce TEC values. However, along the Rosetta trajectory
the impacts of the dissociative recombination and solar absorp-
tion were found to be insignificant before and after perihelion
(Heritier et al. 2018). Heritier et al. (2018) show that solar flux
attenuation or photo-absorption effect may only be significant
near the surface of the comet, while the dissociative recombi-
nation effect is significant at larger cometocentric distances. As
TEC is an altitude-integrated plasma parameter, TEC variability
is supposed to be modulated by both these processes.

As mentioned above, the photo-ionization contribution was
lower during post-perihelion. Thus higher observed TEC val-
ues during this period may be related to larger electron-impact
ionization rates during post-perihelion.

With the decrease of solar activity owing to the descending
phase of solar cycle, the photo-ionization frequency gets smaller,
while the electron-impact ionization frequency remains about
constant or may even increase during post-perihelion phase. This
raises the question of why there would be more electron-impact
ionization and whether the electron acceleration processes could
be more efficient during post-perihelion, and in such a case, why.
Further study is required to fully understand this behavior.

4.3. TEC hemispheric asymmetry

We developed average latitude-longitude maps of TEC during
different cometary activity conditions (heliocentric distances).
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In general, while pre-perihelion TEC exhibits approximate
hemispheric homogeneity on average, significant asymmetry
was recorded during perihelion and post-perihelion orbital peri-
ods of comet 67P. The maps can be compared with outgassing
H,O maps developed by Hansen et al. (2016). Based on both
observation and modeling, the H,O production rate was shown
to be larger in the northern hemisphere compared to the southern
hemisphere during pre-perihelion. This was shown to reverse
during and after perihelion. Very asymmetric electron-impact
ionization frequency is considered to have compensated the
lower neutral density in the southern hemisphere exhibiting
winter season during pre-perihelion (see Galand et al. 2016).
On the other hand, during post-perihelion, the electron-impact
asymmetry could not compensate for larger neutral density over
the southern hemisphere exhibiting summer season (Heritier
et al. 2018).

During perihelion, average TEC values were roughly two
times larger in the northern hemisphere that was exhibiting
autumn season compared to that in the southern hemisphere
where it was spring. However, the neutral outgassing rate was
reported to be higher in the southern hemisphere than in the
northern hemisphere (Hansen et al. 2016; Biver et al. 2019). The
anti-correlation between TEC and neutral outgassing rate hemi-
spheric variations deserves further study. Engelhardt et al. (2018)
report an overall larger population of cold (<0.1 eV) electrons
in the southern hemisphere during perihelion. This may sug-
gest less electron-impact ionization in the southern hemisphere
compared to the northern hemisphere. This is consistent with
observed hemispheric asymmetry in TEC during perihelion.
However, near perihelion, electron-impact ionization is reported
to be a negligible source of ionization (Heritier et al. 2018).

During post-perihelion, the hemispheric asymmetry was
reversed and stronger; the southern hemisphere exhibited
approximately three times larger TEC values compared to the
northern hemisphere. This result is correlated with hemispheric
inhomogeneity of outgassing rate reported by Gasc et al. (2017).
Strengthening of the asymmetry (compared to that during per-
ihelion) may be related to additional effects of electron-impact
ionization during post-perihelion. However, this has yet to be
confirmed quantitatively.

The hemispheric asymmetry is also reflected in the local
dawn-dusk TEC variability during the last four months of the
mission (>3 au). In the southern hemisphere, dusk time TECs
were significantly higher than the dawn time TEC values. No
such dawn-dusk asymmetry was prominent in the northern hemi-
sphere, where the overall TEC values are lower than in the
southern hemisphere. As there is no significant difference in
ionizing solar fluxes between dawn and dusk, the dawn-dusk
asymmetry should be directly associated with higher neutral out-
gassing at dusk because of surface thermal inertia. However, this
requires further confirmation.

4.4. TEC dependence on photo-ionization

To quantify the photo-ionization contribution to the TEC vari-
ability, we estimated the expected TEC values due to photo-
ionization of cometary neutrals throughout the Rosetta mission.
This process “detrends” the TEC variability with respect to the
variability in the neutral outgassing rate. While photo-ionization
seems to be the dominating contributor around 1.5 au < r,, <
2 au, it underestimates the actual observations at large helio-
centric distances (r, > 2.5 au). The latter result corroborates the
finding of Heritier et al. (2018) that electron-impact ionization is
a dominating source of ionization at large heliocentric distances.
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Around perihelion (7, < 1.5 au), modeled TEC due to photo-
ionization seems to overestimate the actual observations of TEC.
This is probably related to the overestimation of solar ionizing
fluxes near perihelion and an underestimation of loss processes.
Tonizing solar fluxes are suggested to suffer from absorption by
cometary neutrals (Rees 1989; Beth et al. 2019), although at the
location of Rosetta the electron density may not be affected by
it (Beth et al. 2019). Solar flux also suffers from scattering and
absorption by cometary dust (Johansson et al. 2017) and loss due
to dissociative recombination (Heritier et al. 2018) around peri-
helion. This may result in reduction of actual ionospheric density
(TEC) around perihelion.

In addition, the model discrepancy may be associated with
the possibility that the bulk speed of the plasma may be higher
than that of the neutrals or that the plasma are decoupled from
the neutrals. In fact, Odelstad et al. (2018) report ion speeds
markedly higher than the neutral outgassing velocity. Acceler-
ation along an ambipolar electric field and inefficient coupling
to the neutrals could cause such a situation (Vigren & Eriksson
2017, 2019; Vigren et al. 2019).

5. Summary and conclusions

We have used the in situ cometary plasma measurements by the
Rosetta spacecraft to assess and interpret the variability of the
cometary ionospheric TEC of comet 67P over the whole comet
escort phase for the first time. Because it is an altitude-integrated
plasma parameter, TEC gives a more comprehensive description
of the cometary ionosphere compared to plasma measurements
along the spacecraft trajectory. The present study covers the
entire Rosetta mission operation period of approximately two
years in order to explore the cometary ionospheric evolution
depending on varying heliocentric distances. The main findings
of the present work may be summarized as follows:

1. Cometary TEC exhibits large variability with diurnally aver-
aged peak value of ~(133 +84) x 10° cm™2 reached during
perihelion (r, < 1.5 au). It decreases exponentially with
heliocentric distance attaining values ~2 orders of magni-
tude lower at larger heliocentric distance (1, > 2.5 au).

2. A clear ionospheric hysteresis effect is observed in helio-
spheric variation of TEC. At similar heliocentric distances
of the comet, TEC values are significantly (roughly two to
four times) larger during post-perihelion compared to pre-
perihelion TEC values. The hysteresis effect is more promi-
nent in the southern hemisphere of the comet and at larger
heliocentric distances. Our study suggests possible contri-
butions of larger electron-impact ionization (production)
during post-perihelion and, to an lesser extent, of larger dis-
sociative recombination (loss) effects during pre-perihelion.

3. On average, significant hemispheric asymmetry is recorded
in TEC during perihelion and post-perihelion periods, while
the asymmetry was less pronounced during pre-perihelion
periods. During perihelion (r, < 1.5 au), the northern
hemisphere exhibited roughly two times larger TEC values
compared to the southern hemisphere. The asymmetry
reversed and became stronger during post-perihelion when
average TEC in the southern hemisphere was approximiately
three times larger than that in the northern hemisphere.
Variation in relative importance of electron-impact ioniza-
tion and photo-ionization processes (seasonal variation of
outgassing rates) are suggested as the plausible reasons.

4. A hemispheric asymmetry was also observed in dawn-dusk
variations of TEC. While dawn and dusk TEC values are
comparable in the northern hemisphere, dusk-time TEC
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values are more than three times larger than the dawn-time
TEC values in the southern hemisphere.

5. While TEC is found to increase with increasing solar
ionizing fluxes incident on the comet ionosphere at any
heliocentric distance, the strongest association was noted
just after perihelion (1.5 au < r, < 2 au).

6. We estimated the expected TEC values due to photo-
ionization of cometary neutrals by solar ionizing fluxes.
At moderate heliocentric distances (1.5 au < r, < 2 au),
photo-ionization contribution matches well with the actual
TEC observations. At larger heliocentric distances (r, >
2.5 au), photo-ionization contribution underestimates the
actual observations implying importance of electron-impact
ionization process in the cometary ionosphere, as reported
previously (Galand et al. 2016; Heritier et al. 2018).

In this paper, we presented a method to estimate the altitude-
integrated electron number density (TEC) from the comet 67P
surface to an arbitrarily chosen altitude of 500 km, beyond which
the cometary plasma density is supposed to decrease signif-
icantly. While TEC can be a suitable parameter to study the
behavior of a cometary ionosphere which is expanding radially,
care is suggested to be taken in the interpretation during vary-
ing cometary and solar activity conditions. For example, at low
activity a radial expansion at constant velocity of the plasma may
not be expected out to several 100 km. However, from the pre-
sented results in this work, TEC revealed a clearer picture of the
cometary ionosphere compared to in situ spacecraft plasma mea-
surement, in terms of ionospheric hysteresis effect, hemispheric
asymmetry, and solar activity dependence. Further study can be
done on solar wind coupling of cometary ionosphere using this
parameter.
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