
Icarus 422 (2024) 116253 

A
0

Contents lists available at ScienceDirect

Icarus

journal homepage: www.elsevier.com/locate/icarus

Research Paper

Modeling the plasma composition of 67P/C-G at different heliocentric
distances
Sana Ahmed ∗, Vikas Soni
Planetary Sciences Division, Physical Research Laboratory, University Area, Ahmedabad, 380009, Gujarat, India

A R T I C L E I N F O

Keywords:
Comets
67P/C-G
Rosetta
Plasma
Coma chemistry

A B S T R A C T

The Rosetta spacecraft accompanied the comet 67P/C-G for nearly 2 years, collecting valuable data on
the neutral and ion composition of the coma. The Rosetta Plasma Consortium (RPC) provided continuous
measurements of the in situ plasma density while ROSINA-COPS monitored the neutral composition. In this
work, we aim to estimate the composition of the cometary ionosphere at different heliocentric distances of the
comet. Läuter et al. (2020) derived the temporal evolution of the volatile sublimation rates for 50 separated
time intervals on the orbit of 67P/C-G using the COPS and DFMS data. We use these sublimation rates as inputs
in a multifluid chemical-hydrodynamical model for 36 of the time intervals for heliocentric distances < 3 au.
We compare the total ion densities obtained from our models with the local plasma density measured by the
RPC instruments. We find that at the location of the spacecraft, our modeled ion densities match with the in
situ measured plasma density within factors of 1−3 for many of the time intervals. We obtain the cometocentric
distance variation of the ions H2O+ and H3O+ and the ion groups created respectively by the ionization and
protonation of neutral species. We see that H3O+ is dominant at the spacecraft location for nearly all the time
intervals while ions created due to protonation are dominant at low cometocentric distances for the intervals
near perihelion. We also discuss our ion densities in the context of their detection by DFMS.
1. Introduction

Comet 67P/Churyumov-Gerasimenko (henceforth 67P/C-G) is a
Jupiter family comet that is currently characterized by an orbital period
of 6.44 yr, and perihelion and aphelion distances of 1.24 au and 5.68
au, respectively. It was the target of the European Space Agency’s
Rosetta mission (Schulz, 2009) that orbited in its vicinity for nearly
26 months, starting from the first encounter on 6 August 2014 at a
heliocentric distance of 3.6 au. The spacecraft subsequently escorted
67P/C-G through the 2-year period that included the comet’s arrival
at perihelion on 13 August 2015, and then post-perihelion up to the
end of the mission on 30 September 2016. Rosetta typically remained
at cometocentric distances ranging from tens to hundreds of kilometers
during the mission period.

The sublimation of volatile ices from the comet nucleus forms the
coma. The neutral species in the coma are partially ionized due to
photoionization, electron impact ionization, and charge exchange with
the solar wind (Cravens et al., 1987), thereby forming the cometary
ionosphere. Changes in the comet’s heliocentric distance lead to al-
terations in the cometary outgassing rate and activity patterns. The
continuous monitoring of 67P/C-G by the Rosetta suite of instruments
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has enabled studies on the evolution of the coma for varying helio-
centric distances and spatial locations, including seasonal variability.
Among the instruments carried by Rosetta was the Rosetta Orbiter
Spectrometer for Ion and Neutral Analysis (ROSINA; Balsiger et al.,
2007) that included the Double Focusing Mass Spectrometer (DFMS),
the Reflection-type Time-Of-Flight (RTOF) mass spectrometer, and the
COmet Pressure Sensor (COPS). While ROSINA-DFMS was able to
measure mass spectra in the range of 13–140 uq−1 in low and high
resolution modes, ROSINA-COPS provided us with time-series mea-
surements of the total neutral density. Rosetta was also equipped with
the instruments of the Rosetta Plasma Consortium (RPC; Carr et al.,
2007) for monitoring the cometary plasma parameters. RPC included
the Mutual Impedance Probe (MIP; Trotignon et al., 2007) and the
LAngmuir Probe (LAP; Eriksson et al., 2007) that were used to derive
the in situ plasma density.

Analyses of the ROSINA-DFMS spectra led to the detection of a large
number of different ion species in 67P/C-G. The high resolution mode
of DFMS (𝑚∕𝛥𝑚 > 3000 at 1% peak height for 28 uq−1; Balsiger et al.,
2007) could distinguish between ions that had very small difference in
mass-per-charge ratios, e.g. H2O+ and NH +
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Icarus 422 (2024) 116253 
perihelion. An ionospheric model given by Vigren and Galand (2013)
that solves the continuity equation is used by Beth et al. (2016) to
understand the chemistry of NH +

4 ions for coma conditions encountered
in July-August 2015. Beth et al. (2020) report on the in situ detections
of cometary ions over the range 13–39 uq−1 from data acquired by
DFMS in the high resolution mode and the first unambiguous detection
of a dication (doubly charged ion) CO ++

2 in a cometary ionosphere.
Previous studies have used a multi-instrument data-based iono-

spheric model to quantify the ionization sources in 67P/C-G (Galand
et al., 2016; Hajra et al., 2017; Heritier et al., 2017b, 2018). Galand
et al. (2016) applied this model to the large heliocentric (𝑟ℎ > 3
au) and low cometocentric distances (𝑟 < 20 km) during the early
mission period (October 2014) and found that solar EUV photoioniza-
tion and electron impact ionization are the main ionization sources
in the coma. Galand et al. (2016) also found variability in the ion-
ization sources with spatial location; while photoionization dominated
in the northern hemisphere (summer), the contribution of electron
impact ionization had to be taken into account in order to explain
the ion density over the southern hemisphere (winter). Heritier et al.
(2018) used this model for post-perihelion cases (𝑟ℎ > 2.6 au; March-
August 2016), and also found seasonal variability as Galand et al.
(2016). Heritier et al. (2018) also found that near perihelion, where the
neutral density is the highest, photoionization is the dominant ionizing
source, while electron impact ionization is dominant at large helio-
centric distances. Hajra et al. (2017) applied the ionospheric model
to study the plasma density during a cometary outburst in February
2016, while Heritier et al. (2017b) used it to study the near-surface
cometary ionosphere during the final descent of Rosetta at the end of
the mission (September 2016). Simon Wedlund et al. (2019) found that
the ionization due to solar wind charge exchange, though normally
less than photoionization by factors of 5–100, may sometimes become
higher than the photoionization frequency during transient events such
as interplanetary coronal mass ejections.

Although the total ion density can be known from the LAP and MIP
measurements (Edberg et al., 2015; Eriksson et al., 2017; Henri et al.,
2017; Johansson et al., 2021), it was difficult to directly measure the
number density of each ionic species. The narrow field of view of DFMS
could only sample a small part of the full ion distribution, and pickup
by the solar wind could further deflect the ions from the DFMS field
of view (Fuselier et al., 2015). In this work, we aim to estimate the
composition of the ionosphere of 67P/C-G at different locations in its
orbit around the Sun. For this purpose, we have obtained numerical
solutions to a multifluid chemical-hydrodynamical model by varying
the input conditions (volatile sublimation rates) at different orbital
locations. Our model outputs give us the variation of the densities of
assorted ions with cometocentric distance and we compare the total
ion densities obtained from our models with the in situ measurements
of LAP and MIP. Section 2 describes the modeling approach while
Section 3 contains a description of the instrument datasets and the
input conditions which we have made use of in this study. The results
and discussions are presented in Sections 4 and 5, respectively and the
concluding remarks are made in Section 6.

2. The coma model

We use a combined chemical-hydrodynamical model suitable for a
coma that is assumed to be spherically symmetric and in a steady state.
The model philosophy is given by the multifluid work of Rodgers and
Charnley (2002), with subsequent additions given by Weiler (2007)
and Ahmed and Acharyya (2021). The gas phase coma is approximated
as a fluid; a multifluid approach is adopted, in which the coma is di-
vided into three fluids, namely the ions, the neutrals, and the electrons.
These three fluids have individual temperatures and a common bulk
velocity. In addition to the creation of ions, radicals, and electrons

in the coma due to photodissociation/photoionization, the species in r

2 
the coma undergo a host of gas-phase chemical reactions, which in-
clude ion-neutral and neutral-neutral collisional reactions, dissociative
recombination reactions, and electron impact reactions. The energy
released due to the chemical reactions is distributed non-uniformly
among all of the species, resulting in different temperatures of the
ions, neutrals, and electrons, and hence our multifluid approach. The
expansion velocity for all species is assumed to be the same. Since the
ions and electrons are coupled due to Coulomb interactions, resulting
in charge neutrality, the assumption of a common velocity (plasma
velocity) for the ion and electron fluids in a spherically symmetric coma
is reasonable. In some regions of the coma, the electron temperature
can attain very high values (∼104 K), causing the plasma velocity to
ecome subsonic. A smooth transition through the sonic point requires
separate numerical treatment. To avoid this, we assume that the

lasma velocity is the same as the velocity of the neutral species so
hat all of the fluids move with a single bulk velocity (Rodgers and
harnley, 2002; Weiler, 2007; Hölscher, 2015; Ahmed and Acharyya,
021).

Apart from heat exchange between fluids due to chemical reactions,
here is also the exchange of energy by means of elastic and inelastic
cattering (for example, ion-electron Coulomb interactions, electron-
eutral ro-vibrational excitations of neutral species, and so on). A full
odel description of all the components that need to be calculated to

rrive at numerical solutions is given in Ahmed and Acharyya (2021).
he modeling approach is based on obtaining numerical solutions to the
quations for the conservation of number density, mass, momentum,
nd energy. The steady-state and spherically symmetric continuity
quation for a species 𝑖 having number density 𝑛𝑖, bulk velocity 𝑣,
roduction rate 𝑃𝑖, and loss rate 𝐿𝑖 at a cometocentric distance 𝑟, is
iven by:
1
𝑟2

𝑑
𝑑𝑟

(𝑟2𝑛𝑖𝑣) = 𝑃𝑖 − 𝐿𝑖. (1)

he above equation is coupled with the differential equations for the
onservation of mass, momentum, and energy, which are given by
qs. (2), (3) and (4), respectively.
1
𝑟2

𝑑
𝑑𝑟

(𝑟2𝜌𝑣) = 𝑀, (2)

1
𝑟2

𝑑
𝑑𝑟

(𝑟2𝜌𝑣2) + 𝑑
𝑑𝑟

(𝑛𝑘𝐵𝑇 ) = 𝐹 , (3)

1
𝑟2

𝑑
𝑑𝑟

[

𝑟2𝜌𝑣
(

𝑣2

2
+

𝛾
𝛾 − 1

𝑘𝐵𝑇
𝜇

)]

= 𝐸. (4)

In the above equations, 𝑣 is the common velocity for all fluids and 𝑘𝐵
is the Boltzmann constant. 𝜌, 𝑇 , 𝛾, and 𝜇 are respectively the mass
density, temperature, adiabatic exponent, and average molecular mass
corresponding to each fluid (namely, neutral, ion, and electron). The
source terms 𝑀 , 𝐹 and 𝐸 represent the net rate per unit volume for the
generation of mass, momentum, and energy, respectively for each fluid.
We also have ∑

𝑛,𝑖,𝑒 𝑀 =
∑

𝑛,𝑖,𝑒 𝐹 = 0 (subscripts 𝑛, 𝑖 and 𝑒 respectively
enote the neutral, ion and electron fluids). We define 𝐺 as the net rate
f generation of thermal energy per unit volume for each fluid; we have
𝑘 = 𝐸𝑘−𝐹𝑘𝑣+

1
2𝑀𝑘𝑣2, where 𝑘 ∈ {𝑛, 𝑖, 𝑒}. The components 𝐺𝑘 for each

fluid are calculated as described in Ahmed and Acharyya (2021). The
set of Eqs. (1)–(4) can be written as first-order differential equations
which we numerically integrate for different gas production rates 𝑄.

.1. Calculation of ionization rates

Photoionization due to the solar UV flux is a significant driver of
he cometary ionospheric population. The UV radiation field does not
emain constant throughout the coma; absorption of the UV photons by
he cometary neutrals and scattering by nanograins in the coma leads to
he attenuation of the UV flux, thus altering the rates of photochemical
eactions at different cometocentric distances. The Beer–Lambert law
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can be used to derive the flux 𝜙(𝜆, 𝑟) at any cometocentric distance 𝑟
and wavelength 𝜆:

𝜙(𝜆, 𝑟) = 𝜙(𝜆, 𝑟∞)𝑒−𝜏(𝜆,𝑟). (5)

𝜙(𝜆, 𝑟∞) is the spectral flux reaching the top of the coma, and the
quantity in the exponential is the optical depth, such that:

𝜏(𝜆, 𝑟) =
∑

𝑖
𝜎𝑖,tot(𝜆)∫

∞

𝑟
𝑛𝑖(𝑟′)𝑑𝑟′. (6)

In the above expression, 𝑛𝑖(𝑟′) is the number density of a neutral
cometary species 𝑖 that is present along the trajectory of the photon at a
radial distance 𝑟′, and 𝜎𝑖,tot(𝜆) is its total photo-absorption cross section
at wavelength 𝜆. This expression is valid for the one-dimensional case,
i.e., when the spacecraft is along the sun-comet axis. Since that is not
usually the case, the radial distance is written as 𝑟 =

(

𝑥2 + 𝑦2 + 𝑧2
)1∕2,

where 𝑥 is along the sun-comet vector and (𝑦, 𝑧) depends on the position
of the spacecraft. Eq. (6) is modified as follows:

𝜏(𝜆, 𝑟) =
∑

𝑖
𝜎𝑖,tot(𝜆)∫

∞

𝑥0
𝑛𝑖

(

√

𝑥2 + 𝑦20 + 𝑧20

)

𝑑𝑥, (7)

here (𝑥0, 𝑦0, 𝑧0) is the position vector of the spacecraft. The photo-
hemical reaction rate 𝑘(𝜆, 𝑟) of the species 𝑖 in the wavelength bin 𝜆
nd 𝜆 + 𝛥𝜆 is:

(𝜆, 𝑟) = 𝜎𝑖,br(𝛥𝜆)𝛷(𝛥𝜆, 𝑟). (8)

here 𝜎𝑖,br(𝛥𝜆) is the wavelength-averaged partial photo-absorption
ross section in the wavelength bin and 𝛷(𝛥𝜆, 𝑟) is the spectral photon
lux obtained from Eq. (5) and integrated over 𝛥𝜆. We sum over all
he wavelength bins to get the total rate coefficient (s−1) for the
hotochemical reaction at a cometocentric distance 𝑟.

We have used the wavelength-dependent photo-absorption cross
ections contained in the Photo Ionization/Dissociation Rates
PHIDRATES) database, available at phidrates.space.swri.edu. This
atabase is compiled from cross sections given by Huebner and Car-
enter (1979), Huebner et al. (1992) and Huebner and Mukherjee
2015). There is no instrument on board Rosetta for directly measuring
he solar UV flux. Johansson et al. (2017) extracted the photoelectron
aturation current from the RPC Langmuir probe measurements, which
an be used as an index of the solar far and extreme ultraviolet
t the location of Rosetta. During the early and late mission phase
f Rosetta, this data set is well correlated with the UV observations
y TIMED/SEE and MAVEN/EUVM, though there is a decrease in
he expected photoelectron current near perihelion. The effect of this
ecrease on our model results is discussed further in Section 4. In the
resent case, for the solar spectral UV photon flux data, we rely on the
avelength-dependent solar irradiance data set that is available with

he Laboratory for Atmospheric and Space Physics Interactive Solar Ir-
adiance Data Center (lasp.colorado.edu/lisird). The spectral fluxes that
e have used are derived from the FISM2 (0.1–190 nm) and NRLSSI2
>190 nm) models. FISM2 (Chamberlin et al., 2020) is an empirical
odel that is based on data from SORCE/XPS (Woods et al., 2005),

ORCE/SOLSTICE (Rottman, 2005), and SDO/EVE (Woods et al., 2012)
hile NRLSSI2 makes use of the solar irradiance measurements ob-

ained by SORCE (Harder et al., 2005; Kopp et al., 2005; Rottman,
005). The spectral fluxes given by FISM2 and NRLSSI2 are available
t 1 au, and in order to scale them to some other heliocentric distance
ℎ, we have used the multiplicative factor 𝑟−2ℎ , where 𝑟ℎ is in units of
u.

The ionization and dissociative ionization of neutral species also
ccur due to collisions with energetic electrons present in the coma. To
alculate the ionization frequencies, we assume a Maxwellian distribu-
ion of the electrons. At an electron temperature 𝑇𝑒, this distribution is
ritten as:

(𝑣) = [𝑚 ∕2𝜋𝑘 𝑇 ]3∕2 exp {−𝑚 𝑣2∕2𝑘 𝑇 }, (9)
𝑒 𝐵 𝑒 𝑒 𝐵 𝑒

3 
where 𝑚𝑒 is the electron mass and 𝑘𝐵 is the Boltzmann constant. The
ionization frequency 𝑅𝑖𝑘 (s−1) for a species 𝑖 attaining an ionized state
𝑘 can be calculated as:

𝑅𝑖𝑘 = 𝑛𝑒 ∫

∞

𝑣𝑖𝑘
𝑣𝜎𝑖𝑘(𝑣)𝑓 (𝑣)4𝜋𝑣2𝑑𝑣, (10)

where 𝑛𝑒 is the electron number density, 𝑣𝑖𝑘 is the velocity corre-
sponding to the ionization potential 𝐼𝑖𝑘 and 𝜎𝑖𝑘 is the cross section.
The compiled cross sectional data for the electron impact ionization
of various neutral species is available in the literature. These include
cross sections for the ionization of the main cometary volatiles namely
H2O (Itikawa and Mason, 2005), CO2 (Itikawa, 2002) and CO (Itikawa,
2015), as well as for other cometary neutrals namely N2 (Itikawa,
2006), O2 (Itikawa, 2009), H2 (Yoon et al., 2008), and CH4 (Song
et al., 2015). We use these cross sectional data to calculate the electron
impact ionization rates from Eq. (10). Modeling of the instrument
response of Rosetta’s RPC-MIP shows the presence of two electron
populations that follow a double Maxwellian electron velocity distri-
bution function (Gilet et al., 2017; Wattieaux et al., 2019). These two
populations are hot electrons of energy 5–15 eV and cold electrons of
energy 0.1–1 eV. The cold electron population does not possess suffi-
cient energy to ionize neutral molecules (ionization threshold energy of
cometary neutrals is >12 eV). Thus, calculating the ionization frequency
using a single Maxwellian distribution for the electrons is an acceptable
approximation.

3. Dataset

3.1. The Rosetta Plasma Consortium

The five sensors on the Rosetta Plasma Consortium (RPC) are the
Ion and Electron Sensor (IES; Burch et al., 2007), the Ion Composition
Analyzer (ICA; Nilsson et al., 2007), the Langmuir Probe (LAP; Eriksson
et al., 2007), the Mutual Impedance Probe (MIP; Trotignon et al., 2007)
and the Magnetometer (MAG; Glassmeier et al., 2007). IES, ICA, LAP,
and MIP provide measurements of the plasma number density and
each instrument probes different plasma populations (e.g., cold/warm
electrons, energetic electrons, cometary ions) associated with different
energy ranges. RPC-IES is an electrostatic analyzer designed to measure
the ion and electron flux over the energy range from 4.32 eV q−1 to
17.67 keV q−1. RPC-ICA is an ion spectrometer that scans the energy
and angular space to detect ions of different masses. Its operational
energy range is a few eV q−1 up to 40 keV q−1 and it can distinguish
between H+, He+, He2+ and heavy cometary ions of mass corresponding
to water group ions and above.

The RPC-ICA number density measurements are best in low-density
plasmas such as solar wind or cometary ions at large cometocentric
distances. A limitation of this sensor is that the negative spacecraft
potential complicates the observations of ions with low energies. Gen-
erally, only a fraction of the low-energy ions are seen by ICA, and the
cometary ion density estimates are lower than those from LAP and MIP.
There is a net anti-sunward flow of cometary ions (Nilsson et al., 2015,
2017; Berčič et al., 2018), and ICA mainly observes the accelerated ions
while the more locally produced plasma is below the threshold energy
level of ICA. The negative spacecraft potential affects the detection
capability of RPC-IES as well, since low energy electrons cannot reach
the sensor, and the electron number density is underestimated. In
this work, we use the plasma densities measured from RPC-LAP and
RPC-MIP; these are described in the following section.

3.2. Plasma density from LAP and MIP

RPC-LAP consists of two spherical Langmuir probes mounted at
the tips of two solid booms that protrude non-symmetrically from the
spacecraft (Eriksson et al., 2007). A standard mode of operation of the
Langmuir probe is the bias voltage sweep. During a sweep, the probe

https://phidrates.space.swri.edu/
https://lasp.colorado.edu/lisird/
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bias voltage with respect to the spacecraft is stepped through a series
of values, and the current collected by the probe is measured. The
current flowing in the probe is proportional to the plasma density and
also depends on other factors such as the plasma energy distribution,
the applied bias voltage, and the spacecraft potential. The total probe
current can be separated into three parts, namely ion, electron, and
secondary electron emission currents (Eriksson et al., 2017; Johansson
et al., 2017). Electrons dominate the collected current when the probe
is at a positive potential with respect to the plasma and the electron
number density can be determined from this part of the probe current.
When the potential is negative, positively charged ions are collected.
In a tenuous and sunlit plasma, the photoelectrons emitted from the
probe dominate the collected current, which can be used to estimate
the integrated solar UV flux (Johansson et al., 2017).

RPC-MIP is an active electric sensor that measures the transfer
impedance between a transmitting monopole or dipole and a receiving
dipole (Trotignon et al., 2007). The instrument offers different time
resolutions and operates within different frequency bands in the 7–3500
Hz range. There are two modes of operation, namely the passive mode
n which the transmitters are off, and the active mode in which the
ransmitters stimulate the surrounding plasma. When operating in the
ctive mode, the electrodes on the RPC-MIP can be used independently
r cojointly as monopole or dipole transmitters, respectively. This is
nown as the SDL (Short Debye Length) mode, while in the LDL
Long Debye Length) mode, the LAP2 probe of RPC-LAP serves as
he monopole transmitter. The LDL mode, while preventing RPC-LAP
rom being fully operational, enables the measurement of plasma of
ower density than that measured in the SDL mode since plasma at
arger spatial distances from the receivers is triggered. Since charge
eutrality is maintained, the ion density in the plasma can be estimated
rom the electron density. RPC-MIP measures the electron density by
dentifying the plasma resonance frequency 𝑓𝑝 in the mutual impedance
pectrum, i.e., the response of the plasma to a weak transmitted electric
ignal. 𝑓𝑝 is only dependent on the number density and thus, MIP can
rovide accurate density estimates within its operational range. Due to
nstrumental limitations, RPC-MIP can measure the electron density in
he range of 10 − 105 cm−3 for energy (eV) <0.05 𝑛𝑒 in the SDL mode
nd 1–350 cm−3 for energy (eV) <0.15 𝑛𝑒 in the LDL mode.

If the electron density is too low in the SDL mode of RPC-MIP, the
ensity can be retrieved from the LDL mode, though the LDL mode
as its limitations as well. If the Debye length is too high (for low
lectron density), the instrument becomes blind to the plasma. On
he other hand, if the plasma frequency is higher than the detectable
imit (for high electron density), saturation is reached in the measured
ensity (Heritier et al., 2018). The dataset obtained by the cross-
alibration of the measurements of RPC-LAP and RPC-MIP overcomes
hese operational limitations and is available in ESA’s Planetary Science
rchive (Besse et al., 2018). The recommended dataset for long-term
tudies is the low time resolution LAP/MIP cross-calibrated data prod-
ct known as NED, available as ned.tab files in the LAP derived data
older in PSA. This dataset has a time resolution varying between
2 s and a few minutes, a high dynamic range, and the broadest
overage over the mission period, and its homogeneous nature makes it
uitable for statistical studies. The accuracy of an individual data point
s less than the MIP density, but the wide dynamic range ensures lesser
ystematic bias towards high or low densities.

.3. Neutral density from ROSINA

The ROSINA-COPS pressure sensor consists of two gauges, namely
he nude gauge that measures the total density of the cometary gas
t the spacecraft location and the ram gauge that measures the ram
ressure which is equivalent to the gas flux. The COPS operating
rinciple is that the gas is ionized by electron impact and the resulting
on current is measured. The instrument sensitivity to the different

as species is not the same due to differences in the electron impact

4 
onization cross sections and correction factors are required for the
ndividual species. The relative abundances of the species in the gas,
vailable from the DFMS and RTOF measurements, are required to
alculate the weighted average of the ionization cross section and the
bsolute abundances of the species (Gasc et al., 2017). The level 4
OSINA density data in PSA is the corrected data that represents the
ctual neutral density of the coma.

Läuter et al. (2020) considered the period from 1 August 2014 (377
ays before perihelion) to 5 September 2016 (390 days after perihelion)
nd divided this period into 50 time intervals of length varying between
to 29 days. The intervals 𝐼1−50 were chosen in a way that the sub-

pacecraft position samples sublimation from nearly all the surface
lements of 67P/C-G, but there is limited variation in the heliocentric
istance and subsolar latitude within the interval. For each of these
ntervals, Läuter et al. (2020) used the combined DFMS and COPS
easurements to derive the temporal evolution of the production rates

f 14 volatile species belonging to the set 𝑆 where

=
{

H2O,CO2,CO,H2S,O2,C2H6,CH3OH,H2CO,CH4,NH3,

HCN,C2H5OH,OCS,CS2
}

. (11)

These production rates compare well with other production rate results
calculated based on the Rosetta instruments VIRTIS (Fougere et al.,
2016), MIRO (Marshall et al., 2017; Biver et al., 2019), DFMS (Combi
et al., 2020) and COPS (Hansen et al., 2016).

3.4. Model runs

The bottom panel in Fig. 1 shows the time series variation of
the COPS neutral density and the LAP/MIP cross-calibrated electron
density in the plasma. We use the convention of negative values for
indicating days before perihelion. COPS data is unavailable or has large
uncertainty during the ‘‘safe mode’’ of operations (1–10 April 2015)
and the excursions to large cometocentric distances (dayside excursion
in late-September to mid-October 2015 and tail excursion in late-March
to early April 2016). The vertical shaded regions in Fig. 1 indicate the
time period around the excursions which have been excluded in the
analysis by Läuter et al. (2020); the time period of the safe mode was
included in 𝐼1−50.

The comet surface can be treated as a mesh of triangular faces, each
of which is treated as a source of volatile emission. The neutral gas
density at the spacecraft location is the result of the superposition of
gas expansion from these emission sources (Kramer et al., 2017; Läuter
et al., 2019). Considering gas emission only from the surface (though
subsurface sublimation may also occur), Läuter et al. (2020) retrieved
the surface emissions using a mesh of 3996 triangular faces given
by Preusker et al. (2017). The time series of the retrieved production
rates by Läuter et al. (2020) for all 14 volatiles in set 𝑆 is available
as ancillary files to arxiv.org/abs/2006.01750. We have used these
production rates as inputs in our model runs.

4. Results

We present our model results for the intervals in which the heliocen-
tric distance 𝑟ℎ < 3 au (time intervals 𝐼7 to 𝐼42 as defined by Läuter et al.
(2020)). At large heliocentric distances, particularly when 𝑟ℎ > 3 au,
the outgassing rate is weak. Ions that are created due to the ionization
of neutral species suffer only a limited number of collisions as the
mean free path is larger at low densities, and the advection timescale
is smaller than the chemical timescale (Beth et al., 2016). In each
time interval, we have used our chemical-hydrodynamical model and
obtained numerical solutions to Eq. (1) to get the variation of the ion
density with cometocentric distance.

Due to limited surface coverage of the spacecraft, some of the
surface elements do not have production rates assigned to them. To

constrain the production rates from these elements, Läuter et al. (2020)

https://arxiv.org/abs/2006.01750
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Fig. 1. Top panel: time series of the cometocentric distance of Rosetta (red line, left y-axis) and the heliocentric distance of 67P/C-G (black line, right y-axis). Middle panel: time
series of the sub-spacecraft latitude. Bottom panel: time series of the neutral density measured by COPS (blue pixels) and the cross-calibrated electron density from LAP/MIP (green
pixels). The shaded vertical regions indicate the time period around the dayside and tail excursions. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
have given upper and lower limits in their derived time series global
production rates. The lower limit is set by assigning zero to the emission
from the unknown surface element. The upper limit in the time interval
𝐼𝑗 is set by assigning the maximum production from that surface in
the neighboring time intervals 𝐼𝑗−1 and 𝐼𝑗+1. Thus, in order to better
constrain the modeled ion densities, we obtain two sets of model runs
for each time interval and the input production rates are set as the
upper and lower bounds respectively. We also obtain a third set of
models where we take the average of the upper and lower bounds as
inputs.

4.1. Total ion density

Figs. 2, 3, and 4 show a comparison of our model obtained ion
densities with the LAP/MIP cross-calibrated plasma density for different
time intervals 𝐼𝑗 , 𝑗 = (7, 42). The LAP/MIP density data is smoothed by
taking a moving average. In a particular time interval 𝐼𝑗 , our model
runs give the radial variation of the ion number density and we can
find the number density at the cometocentric distance that corresponds
to the spacecraft location. The model is not able to capture the high
frequency density fluctuations in the plasma. The variations in our
modeled ion density in the interval 𝐼𝑗 result due to changes in the
spacecraft distance. We divide the time intervals into three groups in
order to assess the trends in the modeled density.

4.1.1. Group 1: Intervals 𝐼7 to 𝐼15
The first group includes the intervals 𝐼7 to 𝐼15 (Fig. 2) and cor-

responds to the pre-perihelion period where 𝑟ℎ > 1.8 au, up to the
time when Rosetta enters the safe mode. The total outgassing rate 𝑄
varies from ∼1026 s−1 to <1027 s−1. In the first half of this group,
there is limited change in the cometocentric distance and the spacecraft
remains roughly at a height of 20–30 km from the surface. In the
latter part of this group, 𝑟 shows variation within a time interval,
even becoming more than 100 km. This variation is reflected in the
modulation of the ion density in 𝐼13 and 𝐼14, and a peak-like feature in
the early part of 𝐼15. Since the outgassing rate is low, most of the ions
are created at smaller 𝑟 and a change in the cometocentric distance by
50 km or more is marked by a reduction in the total ion density.
5 
In order to estimate the extent to which our modeled densities
deviate from the LAP/MIP observed plasma density, we have calculated
the ratio between these two quantities, as shown in the bottom panel
of Fig. 2. We see that for the lower bound of the production rate, this
ratio remains close to 1. The fluctuations in the ratio are due to the
fluctuations in the LAP/MIP density, which cannot be captured in our
model as mentioned previously. For the upper bound of 𝑄, the ratio
mostly remains between 1–2. In the intervals 𝐼12 to 𝐼15, the ratio for the
lower bound of 𝑄 varies between 1–2, while the upper bound of 𝑄 leads
to an overestimation of the ion density by factors of 2–4 (excluding the
safe mode).

The interaction of 67P/C-G with corotating interaction regions
(CIRs) and coronal mass ejections leads to disruptions in the cometary
plasma environment (Edberg et al., 2016a,b; Hajra et al., 2017; Goetz
et al., 2019). Of the four CIRs that impacted 67P/C-G from October
to December 2014, two of them, namely event 3 and event 4 defined
by Edberg et al. (2016b) fall within the intervals 𝐼7 and 𝐼9, respectively.
An increase in the observed density towards the end of 𝐼7 corresponds
to event 3 while the moderate increase in the density at the start of 𝐼9
indicates the time of event 4. The response of the cometary plasma to
individual events is variable, though these effects are not included in
our model.

4.1.2. Group 2: Intervals 𝐼16 to 𝐼31
The second group consists of the intervals 𝐼16 to 𝐼31 and the corre-

sponding densities are shown in Fig. 3. This group includes the time
intervals corresponding to the inbound leg from 1.8 au of the journey
of 67P/C-G on its orbit around the Sun, the perihelion crossing at
𝑟ℎ = 1.24 au, and the outbound journey post-perihelion up to 1.8 au.
The spacecraft distance from the comet varies between 100–400 km
and the production rate ranges between 1027 s−1 < 𝑄 < 1029 s−1.
In the intervals 𝐼16 − 𝐼18, there is some modulation in the modeled
ion density due to changes in 𝑟, while the density remains nearly
constant in other intervals. The intervals near perihelion, characterized
by high outgassing rates, exhibit ion densities exceeding 1000 cm−3,
even though 𝑟 > 200 km. The production rate calculated by Läuter
et al. (2020) peaks in 𝐼25 and we find that the total ion density is also
maximum in this interval.
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Fig. 2. Subpanels in the top 3 rows: time series of the plasma density at the spacecraft location for the intervals 𝐼7 to 𝐼15. The pink pixels show the instantaneous LAP/MIP
cross-calibrated density while the pink lines show the smoothed density obtained by taking a moving average. The green lines show the total ion density obtained from our models
for the upper and lower bounds of the production rate (dashed lines) and the average of the upper and lower bounds (solid lines). Bottom panel: ratio between the modeled total
ion density and the LAP/MIP plasma density for the upper (black line) and lower (green line) bounds of the production rate. The ratio is 1 on the dashed horizontal line. The
intervals 𝐼7 to 𝐼15 are indicated by the white (odd-numbered intervals) and gray (even-numbered intervals) regions. The blue vertical shaded region indicates that the spacecraft
was in the safe mode. The pink dashed line is the spacecraft distance from the nucleus (scale: right y-axis). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Johansson et al. (2017) used measurements from TIMED/SEE at
Earth and MAVEN/EUVM at Mars for epochs when these two plan-
ets were at the same solar longitude as Rosetta in order to estimate
the flux propagated out to the comet location. They find that the
photoemission current derived from TIMED/SEE and MAVEN/EUVM
correlate well with the photoemission current obtained from the RPC-
LAP measurements at 67P/C-G. They also find that around perihelion,
the photoemission current from RPC-LAP reduces to nearly half of the
expected value as estimated from MAVEN/EUVM, due to attenuation
of the UV flux. As described in Section 2.1, our model includes the
effect of the extinction of UV due to photo-absorption by the coma gas,
though we do not find any appreciable change in the UV flux at the
location of the spacecraft. Johansson et al. (2017) calculate the EUV
absorption by water molecules to be only 0.8 ± 0.1% near perihelion,
6 
at a cometocentric distance of 330 km. Heritier et al. (2018) also note
that during the entire escort phase, there is no significant change in
the plasma density due to photo-absorption. Johansson et al. (2017)
propose scattering and absorption by cometary dust grains as a possible
reason for the reduction in the photoemission current. Thus, we also
ran models where we reduced the photoionization rate by half, and the
resulting total ion densities are indicated by the blue dashed lines in the
subpanels of Fig. 3. The total ion density at the reduced photoionization
rate is closer to the LAP/MIP observed total plasma densities (Fig. 3,
bottom panel). The ion ratio varies between 1–2 for the lower bound
of 𝑄, and between 1–3 for the upper bound. However, in 𝐼18, the
ratio reaches a high value, even at the reduced photoionization rate.
Nemeth (2020) finds that variations in the external solar wind pressure
induce movements in the diamagnetic cavity boundary. For an inward
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Fig. 3. Same as Fig. 2 but for the time intervals 𝐼16 to 𝐼31 and the following modifications: the blue dashed lines in the subpanels show the ion density for the upper and lower
bounds of the production rate when the photoionization rate is reduced by 50%. Of the two bottom panels, the upper one shows the density ratio described in the caption of
Fig. 2 while the lower one shows the density ratio at the reduced photoionization rate. The blue vertical shaded regions in the two lower panels indicate the dayside excursion.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
moving boundary, the plasma density and suprathermal ion counts
increase rapidly. Conversely, when the boundary moves outward, these
quantities decrease, but more gradually. Thus, the decrease in the
observed plasma density in 𝐼18 (resulting in an increased model to
LAP/MIP ion ratio) could be due to this effect. The observed plasma
density modulations due to solar wind pressure changes may also be
present in the other intervals near perihelion (𝐼16 − 𝐼21).

4.1.3. Group 3: Intervals 𝐼32 to 𝐼42
The third group (Fig. 4) includes the intervals 𝐼32 to 𝐼42 where the

heliocentric distance is >1.8 au and <3 au. The spacecraft distance
remains below 100 km, except during the tail excursion (not included
in our model runs). The outgassing rate is ∼1027 s−1 in the first half of
the group, while it goes below 1026 s−1 in the last few intervals. The
7 
decrease of H2O outgassing post-perihelion is steeper than its increase
pre-perihelion (Läuter et al., 2020). This is in contrast to volatiles such
as CO and CO2, which show a slower decay at 𝑟ℎ > 2.4 au. Thus, there
is a marked increase in the relative abundance of volatiles with respect
to water; in fact, 𝑄CO2

> 𝑄H2O in the interval 𝐼42.
The ion ratios mostly vary between 2–3 in the first half of this group.

This corresponds to the period of December 2015 to late January 2016,
for which Johansson et al. (2017) calculated the photoionization rates
to be reduced by a factor of ∼0.6. From Fig. 3, we see that a reduction in
the photoionization rate by a factor of 0.5 leads to a reduction in the ion
density by approximately the same amount. By applying a reduction of
a factor of 0.6 to the intervals 𝐼32 to 𝐼36, the ion ratio would be within
1–2. 𝐼41 and 𝐼42 show oscillation in their LAP/MIP measured density,
which is correlated to the latitudinal variation of Rosetta, and the ion
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Fig. 4. Same as Fig. 2 but for the time intervals 𝐼32 to 𝐼42. The blue vertical shaded region in the bottom panel indicates the tail excursion.
ratio shows a similar oscillation. Nemeth et al. (2020) defined a simple
distance, latitude, and longitude dependent first order cosine function
to model the 3D spatial distribution of the cometary plasma. This model
was able to reproduce quite well the plasma density distribution in
the last month of Rosetta’s operations. The features in 𝐼41 and 𝐼42 can
probably be similarly explained. In 𝐼 , the spacecraft is very close to
42

8 
the nucleus, the production rate is low, and our model underestimates
the total ion density.

4.2. Density of major ions

In this section, we discuss the densities of some of the primary
ions that form in the coma due to gas phase chemistry, as obtained
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Fig. 5. The subpanels show the variation of the total plasma density and the densities of H2O+, H3O+, HPA+, and PIother ions with cometocentric distance for the time intervals
𝐼7 to 𝐼15. The solid lines and dashed lines denote the lower and upper bounds, respectively. The black pixels show the LAP/MIP density and the yellow vertical shaded regions
in each subpanel denote the variation of the cometocentric distance of Rosetta within the interval.
from our model runs. The ions that we consider are H2O+, H3O+, and
the two ion groups labeled HPA+ and PIother in Figs. 5–7. H2O+ ions
are created by the ionization of water molecules, which further react
with H2O to form H3O+ ions. It is well known that in the coma, a
neutral species A that has a proton affinity higher than water undergoes
protonation by reacting with H3O+ ions to form A H+ ions (see, for
example, Vigren and Galand (2013) and Heritier et al. (2017a)). From
the parent neutrals in set 𝑆, we identify a subset that consists of these
high proton affinity (HPA) neutrals, such that HPA = {NH3, CH3OH,
HCN, H2CO, H2S and C2H5OH}. We define HPA+ as the sum of the
ions (NH +

4 , CH3OH +
2 , and so on) formed by the protonation of the HPA

neutrals. Since NH3 has the highest proton affinity, the terminal ion
in the protonation chain is NH +

4 , and NH3 will also accept H+ ions
from other protonated species, such as CH3OH +

2 and H3S+. In general,
a neutral species will undergo proton transfer reactions with H3O+ as
well as other species that lie below it on the proton affinity ladder.
Finally, PIother denotes the sum of the ionized parent species of set 𝑆
excluding H2O, namely the sum of the ions CO +

2 , CO+, and so on. The
cometocentric distance variation of H2O+, H3O+, HPA+ and PIother is
shown in Figs. 5–7 for each of the intervals 𝐼𝑗 , 𝑗 = (7, 42). The yellow-
shaded regions show the extent of the change in the cometocentric
distance of Rosetta within each interval, indicating that the model
estimated density of the ions lies within that region.

Following the same grouping of time intervals as described in the
previous section, we see that in the first half of the group 1 intervals,
H3O+ is the most abundant ion at the spacecraft location, followed
by H2O+. Since the coma density is low, HPA+ ions may form close
to the nucleus surface, though their density decreases rapidly, such
that at the spacecraft location, the density ≲2 cm−3, which is less
9 
than what we estimate for H2O+ and PIother ions. As the comet moves
closer to perihelion and there is an increase in the production rate,
the density of HPA+ ions increases and may even become more than
that of H2O+ for certain spacecraft locations. The density of PIother
remains less than that of H2O+ at the spacecraft location since the sum
of parent volatiles other than water makes up about 10–15% of the total
gas production. Out of these, the most dominant volatiles are CO2, CO
and O2, hence the main contributing ions are CO +

2 , CO+ and O +
2 . Apart

from ionization, parent species also undergo dissociative ionization to
produce ion fragments, for example, the dissociative ionization of CH4
creates CH +

3 , CH +
2 and CH+ ions, and NH3 produces NH +

2 and NH+

ions. However, we do not consider these fragment ions in the present
case, since their contribution to the total ion density at the spacecraft
location is generally orders of magnitude lower than H2O+ (Beth et al.,
2020).

For the group 2 time intervals (Fig. 6), the radial variation of the
number density of H2O+ is relatively weaker than the group 1 intervals.
The loss of H2O+ due to ion-neutral reactions is nearly equal to its
rate of creation by ionization, causing it to remain in photochemical
equilibrium. The increased outgassing rate drives more active chem-
istry and the HPA+ ions dominate over H3O+ at low cometocentric
distances. As the cometocentric distance increases, the decrease in the
coma density reduces the rate of collisions for chemical reactions to
occur. Since the H2O+ density remains nearly constant, the decrease in
the production of H3O+ is proportional to the decrease in the neutral
density of its parent species (water). On the other hand, the decrease
in the production of HPA+ (for example, NH +

4 ) is proportional to the
decrease in the density of the parent HPA (NH3 in this example) as
well as the decrease in the density of the ion from which it accepts H+
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Fig. 6. Same as Fig. 5 but for the time intervals 𝐼16 to 𝐼31. Additionally, the lines with circular markers denote the ion densities when the photoionization rate is reduced by 50%.
(for example, H3O+). This causes H3O+ to be the dominant ion at the
spacecraft location. The main contributing ions to PIother are O +

2 and
CH3OH+, with a smaller contribution from CO +

2 . At low distances, the
density of PIother is higher than that of H2O+. This is because H2O+ is
destroyed rapidly due to collisions with H2O while O +

2 and CH3OH+

do not react with H2O. Although CO has a relative abundance higher
than most other trace volatiles, it reacts with H2O via ion-neutral and
charge exchange reactions, and it does not contribute significantly to
PIother.

In the first half of the group 3 time intervals (Fig. 7), the ion
composition shows similarities with the group 2 intervals, with H3O+

dominating at the spacecraft location, while at low cometocentric dis-
tances, HPA+ and PIother show densities that are higher than H3O+ and
H2O+, respectively. In fact, this is the trend followed in the intervals
in which 𝑄 > 1027 s−1. In the latter half, the density of HPA+ ions at
low cometocentric distances is nearly equal to H3O+, which is different
from what we see for the pre-perihelion case of the group 1 intervals.
This can be explained by the sharper decline in the H2O sublimation
rate post-perihelion, which results in a higher relative abundance of
the HPA neutrals and a higher density of HPA+. The same is true for
PIother ions that show a higher density than H2O+ for low cometocentric
distances. In this case, CO +

2 is the dominant ion contributing to PIother
at the spacecraft location while most of the other ions show number
densities of ∼0.5–3 cm−3. We have not shown the ion composition for
the intervals 𝐼41 and 𝐼42 in Fig. 7; for these intervals, the low spacecraft
distance and the latitudinal variability lead to high uncertainties in
modeling the coma chemistry.

The total ion densities shown in Figs. 5–7 follow a near power
law radial dependence. We derived the power law of the total plasma
number density 𝑛tot at the cometocentric distance 𝑟 as

𝑛 = 𝑐 𝑟𝑐1 . (12)
tot 2

10 
Table 1 shows the values of the fitted parameters 𝑐1 and 𝑐2 for the
lower and upper bounds of the modeled number density in different
time intervals. The ion density for most intervals varies approximately
as 𝑟−1 which is expected. However, for intervals near perihelion, when
ion-neutral reaction rates are faster, there is a deviation from the 𝑟−1

dependence.

5. Discussions

Following the in situ detections of a large number of ions by Giotto
at 1P/Halley, Haider and Bhardwaj (2005) showed that photochemical
modeling can be used to estimate the densities of the detected ion peaks
in the mass spectra. In anticipation of the Rosetta observations near
perihelion, Vigren and Galand (2013) predicted the ion composition of
67P/C-G by assuming the neutral composition to be made up of H2O,
CO and 1% of high proton affinity neutrals. Heritier et al. (2017a) im-
proved the number density estimates for the near perihelion conditions
using neutral measurements from ROSINA-COPS. In some studies, the
ratios between the integrated ion counts of two ion species, such as
NH +

4 /H2O+, NH +
4 /H3O+ and H3O+/H2O+ were used to estimate the ion

densities in the coma (Beth et al., 2016; Fuselier et al., 2015, 2016).
However, as pointed out by Heritier et al. (2017a), a problem with this
approach is that the DFMS scans for two ions are not simultaneous.
Additionally, only a small part of the full ion distribution is sampled
due to the narrow DFMS field of view and the inability of ions of all
energies to pass through the DFMS electrostatic analyzer.

From the results that we have presented in the previous section, we
see that our photochemical model can provide an estimate towards the
cometary ionospheric composition within factors of 1–3 for the group
1 intervals and 2–3 for the group 3 intervals. For the group 2 intervals,
if we include UV extinction, the ion density is estimated within factors
of 1–4, though it is overestimated by up to a factor of 6 in the interval
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Fig. 7. Same as Fig. 5 but for the time intervals 𝐼32 to 𝐼40.
𝐼18. Additionally, if we consider the lower bound of the production rates
provided by Läuter et al. (2020), the modeled ion densities are closer
to the observed densities, as compared to the upper bound. Our model
runs show that for most of the time intervals in our study, H3O+ has
the highest density at the location of Rosetta, followed by H2O+. The
density of the HPA+ ion group at the spacecraft location is generally
lower than that of H2O+, though around perihelion, it becomes similar
to or even larger than H2O+. The ions belonging to the ion group PIother
generally have the least abundance among all the ions considered.

Since most cometary neutrals have ionization threshold energies of
12–14 eV, Goetz et al. (2022) point out that the energy of photoelec-
trons created in the coma is not sufficient to cause electron impact
ionization at high heliocentric distances (>2 au). At these distances,
electron impact ionization is likely to be caused by solar wind electrons
(∼10 eV) accelerated by the ambipolar electric field. In our models,
at high heliocentric distances, the photoionization rates are 2–3 orders
of magnitude higher than the electron impact ionization frequency
since we only consider impact ionization by photoelectrons. In order to
model the impact ionization by solar wind electrons, we would have to
include kinetic effects. This is currently beyond the scope of the current
work though we aim to incorporate these effects in the future. Galand
et al. (2016) show that for some periods (i.e. when the spacecraft is
in the northern hemisphere), photoionization alone can explain the
ionospheric density, and the inclusion of electron impact ionization
leads to an overestimation of the density. In the southern hemisphere,
electron impact ionization is required to explain the ion density. Such
seasonal variations are also noted by Heritier et al. (2018).

Our assumption of a common bulk velocity for the ions and neutrals
works well for low cometary activity and at a distance of several
tens of kilometers from the nucleus, as also seen in other studies (for
example, Galand et al. 2016, Vigren et al. 2016, Heritier et al. 2017b,
2018). This assumption may not hold when the spacecraft is further
11 
away from the nucleus (beyond 100 km) and for the higher outgassing
rates near perihelion. Ion velocity measurements near perihelion show
values of 2–8 km s−1, as opposed to a neutral outflow velocity of ∼1 km
s−1 (Vigren et al., 2017). This may be caused by the acceleration of the
ions along the ambipolar electric field set up by the electron pressure
gradient. Odelstad et al. (2018) find the ion velocity to be distributed
around 3.5–4 km s−1 inside the diamagnetic cavity and higher velocities
of ≲8–10 km s−1 in the surrounding region, indicating that the ion-
neutral drag force does not balance the outside magnetic pressure at
the cavity boundary. These effects may result in an overestimation of
the modeled density by factors of 2–5 (Vigren et al., 2019).

The cometary ion flow patterns are also affected by the solar wind
electric fields. Studies have identified two ion populations, namely the
pick-up ion population that gains its energy and momentum through
interactions with the solar wind upstream of the observation point and
the expanding ion population of cometary origin that gains most of
its energy in the vicinity of the nucleus (Nilsson et al., 2015, 2017,
2020; Behar et al., 2016; Berčič et al., 2018). While the motion of the
former ion population is governed by the solar wind electric field, the
latter ion population is accelerated by the ambipolar electric field in the
vicinity of the nucleus and its motion is radially away from the comet
nucleus in the 𝑌 − 𝑍 plane perpendicular to the comet-Sun direction.
This is in agreement with the strong shielding of the inner coma from
the solar wind electric field at sufficiently high activity (Nilsson et al.,
2018). Based on observations of anti-sunward streaming cometary ions,
it is suggested that there is an anti-sunward component of the electric
field that has a strength of about 10% of the solar wind electric field.
Although there is an asymmetry in the coma of 67P/C-G, there is not
much influence in the flow direction (Berčič et al., 2018). Since most of
the cometary ions are created by the ionization of neutrals that expand
radially, Edberg et al. (2019) point out that it is reasonable to assume
that the cometary plasma originates in the region between Rosetta and
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Table 1
Parameters used to fit a power law to the total ion density for the lower and upper
bounds.

Molecule Lower bound Upper bound

𝑐1 𝑐2 𝑐1 𝑐2
𝐼7 −1.015 1.345e+03 −1.012 1.638e+03
𝐼8 −1.017 1.344e+03 −1.014 1.814e+03
𝐼9 −1.014 1.772e+03 −1.013 2.059e+03
𝐼10 −1.015 1.827e+03 −1.012 2.745e+03
𝐼11 −1.011 2.212e+03 −1.010 3.791e+03
𝐼12 −1.012 2.905e+03 −1.008 4.506e+03
𝐼13 −1.005 5.761e+03 −1.003 1.078e+04
𝐼14 −1.003 7.800e+03 −0.995 1.764e+04
𝐼15 −1.007 6.492e+03 −0.994 1.949e+04
𝐼16 −0.999 2.160e+04 −0.995 2.614e+04
𝐼17 −1.002 3.292e+04 −0.987 3.979e+04
𝐼18 −0.965 6.584e+04 −0.961 6.962e+04
𝐼19 −0.975 6.268e+04 −0.968 7.194e+04
𝐼20 −0.982 5.592e+04 −0.966 7.202e+04
𝐼21 −0.969 8.977e+04 −0.937 1.344e+05
𝐼22 −0.925 1.484e+05 −0.919 1.653e+05
𝐼23 −0.896 1.916e+05 −0.882 2.063e+05
𝐼24 −0.878 2.158e+05 −0.856 2.149e+05
𝐼25 −0.853 2.191e+05 −0.840 2.160e+05
𝐼26 −0.952 9.797e+04 −0.879 1.934e+05
𝐼27 −0.975 6.940e+04 −0.930 1.306e+05
𝐼28 −0.932 1.283e+05 −0.920 1.433e+05
𝐼29 −0.944 9.363e+04 −0.940 1.055e+05
𝐼30 −0.960 6.695e+04 −0.949 8.743e+04
𝐼31 −0.980 4.518e+04 −0.972 5.506e+04
𝐼32 −0.984 3.594e+04 −0.980 4.397e+04
𝐼33 −0.988 3.015e+04 −0.987 3.420e+04
𝐼34 −0.996 2.100e+04 −0.995 2.631e+04
𝐼35 −0.998 1.590e+04 −0.998 1.881e+04
𝐼36 −0.993 1.712e+04 −0.992 1.973e+04
𝐼37 −1.004 9.549e+03 −1.000 1.490e+04
𝐼38 −1.004 7.601e+03 −1.006 1.007e+04
𝐼39 −1.010 7.398e+03 −1.008 8.888e+03
𝐼40 −1.015 5.069e+03 −1.013 6.302e+03

the nucleus, as opposed to being ionized elsewhere in the coma and
then transported to Rosetta via another route.

Putting our results in the context of the spectra acquired by DFMS,
we find that our results align with the DFMS observations. H3O+ and

2O+ were regularly detected during the entire mission period, with
he largest counts observed near perihelion (Fuselier et al., 2015, 2016;
eth et al., 2016, 2020; Heritier et al., 2017a). DFMS scanned the range
round 18 uq−1 three times more often as compared to the other mass
anges, though NH +

4 was mostly detected during the higher outgassing
eriod of the comet around perihelion (Beth et al., 2016, 2020). The
ons HCNH+, H2COH+ and CH3OH +

2 belonging to the HPA+ ion group
are also detected near perihelion in the DFMS high resolution (HR)
spectra though the detection frequency is lower than that of NH +

4 (Beth
et al., 2020). This is to be expected, since NH +

4 is the most abundant
ion in the HPA+ group, and 18 uq−1 is also scanned more often. Lewis
et al. (2023) suggest that in addition to the protonation of NH3, the
dissociation of ammonium salts from cometary dust grains near DFMS
may also be a source of NH +

4 . However, there is no evidence for the
detection of H3S+, which is not understood. It may be related to the
reduced energy acceptance of the instrument at higher uq−1 (Heritier
et al., 2017a) or the suggested origin of H2S from dust grains (Calmonte
et al., 2016).

Beth et al. (2020) report on the detection of several of the ions
belonging to the group PIother for mass-per-charge ratio <40 uq−1. We
find CO+ to be a primary contributor to PIother in the time intervals
f group 1, and it was detected in HR at 𝑟ℎ > 2.2 au pre-perihelion.
H3OH+ was detected in HR near perihelion, where we estimate it to
ave the most abundance, though there is no confirmed detection of
+
2 at the same uq−1. Beth et al. (2020) find peaks in low resolution

−1 −1
LR) at 27 uq and 34 uq near perihelion and post-perihelion at

12 
𝑟ℎ > 2.2 au and these may be attributed to HCN+ and H2S+ respec-
ively, though they were not detected in HR. There is a weak signal
orresponding to CH +

4 in HR at 𝑟ℎ > 2.2 au post-perihelion. With
egard to NH +

3 , Beth et al. (2020) clearly detect it near perihelion
ith higher counts than CH3OH+. Our models predict NH +

3 to have
number density of a few cm−3 at the spacecraft location, and not

s high as CH3OH+. We can explain this discrepancy in ion counts as
ollows. CH3OH+ has a mass-per-charge ratio of 32 uq−1 that is nearly
ouble that of the mass-per-charge ratio of NH +

3 (17 uq−1). There is a
eduction in the energy acceptance window of DFMS as the mass-per-
harge ratio increases (Schläppi, 2011; Heritier et al., 2017a; Beth et al.,
020). Additionally, near perihelion, the ions are accelerated through
negative spacecraft potential, which further reduces the maximum

nergy that an ion can have in order to be detected by DFMS. We
efer the reader to Heritier et al. (2017a) for a detailed analysis of the
nstrument sensitivity towards the detectable range of energies.

. Conclusions

We have modeled the cometary ionosphere for 36 of the time inter-
als defined by Läuter et al. (2020), by using their neutral outgassing
ates as inputs in our gas phase coma model. For most of the intervals,
e find that our model-derived total ion densities can match the plasma
ensities measured by LAP/MIP within factors of 1–3 for group 1, 1–4
or group 2 (when UV extinction is included), and 2–3 for group 3.

e further obtain the cometocentric distance variation of the density
f the ions H2O+ and H3O+ and the ion groups HPA+ and PIother. We
ind that H3O+ is the most dominant ion at the location of Rosetta. In
he intervals near perihelion, the HPA+ ion group is dominant at low
ometocentric distances. The PIother ion group dominates over H2O+ at
ow cometocentric distances post-perihelion due to the rapid decline in
he water production rate.

The deviations in our modeled ion densities from the plasma density
easured by LAP/MIP can result due to several reasons. The variation

n the local plasma density measured by Rosetta arises due to a host
f factors which include day-night asymmetry, latitudinal variability,
pacecraft maneuvers, and pickup by solar wind. Since the production
ate within a particular time interval is fixed, the only variation that
ur model is able to capture is due to changes in the cometocentric
istance location of the spacecraft. The production rates rely on the
FMS data for which Rubin et al. (2019) estimate a 30% uncertainty

hat may arise due to detector gain, sensitivity calibration, and fitting
rrors. Uncertainties in the production rates also arise due to the
imited surface coverage which results in unknown emissions from not-
een surface elements. The photoemission current is seen to reduce
ear perihelion and this is attributed to the EUV extinction due to
cattering by cometary nanograins (Johansson et al., 2017). Finally, the
ublimation of volatiles from dust grains may also be an ion source in
he coma, an effect which is not included in our model (Calmonte et al.,
016; Lewis et al., 2023).
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