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ABSTRACT

The European Space Agency Rosetta mission escorted comet 67P for a 2-yr section of its six and a half-year orbit around the
Sun. By perihelion in 2015 August, the neutral and plasma data obtained by the spacecraft instruments showed the comet had
transitioned to a dynamic object with large-scale plasma structures and a rich ion environment. One such plasma structure is
the diamagnetic cavity: a magnetic field-free region formed by interaction between the unmagnetized cometary plasma and
the impinging solar wind. Within this region, unexpectedly high ion bulk velocities have been observed, thought to have been
accelerated by an ambipolar electric field. We have developed a 1D numerical model of the cometary ionosphere to constrain
the impact of various electric field profiles on the ionospheric density profile and ion composition. In the model, we include
three ion species: HyO", H;0", and NHJ . The latter, not previously considered in ionospheric models including acceleration, is
produced through the protonation of NH; and only lost through ion—electron dissociative recombination, and thus particularly
sensitive to the time-scale of plasma loss through transport. We also assess the importance of including momentum transfer
when assessing ion composition and densities in the presence of an electric field. By comparing simulated electron densities to
Rosetta Plasma Consortium data sets, we find that to recreate the plasma densities measured inside the diamagnetic cavity near
perihelion, the model requires an electric field proportional to 7! of around 0.5-2 mV m~! surface strength, leading to bulk ion

speeds at Rosetta of 1.2-3.0 km s~ !.

Key words: plasmas—comets: individual: comet 67P/CG.

1 INTRODUCTION

The cometary ionosphere is formed when the neutral gas coma be-
comes partially ionized by solar extreme ultraviolet (EUV) photons,
as well as through electron-impact ionization and charge exchange
with the solar wind (Cravens 1987). Unbounded by gravity, both
neutral and ion populations escape to space, and have a constant
source from the sublimation of the ices from the (sub-) surface of the
nucleus. During its 2-yr escort of comet 67P, the Rosetta spacecraft
witnessed the evolution of this cometary environment through a range
of heliocentric distances (from 3.6 to 1.25 au pre-perihelion and up
to 3.8 au post-perihelion). The plasma environment was probed by
the Rosetta Plasma Consortium (RPC) instruments (Carr et al. 2007)
and the Rosetta Orbiter Spectrometer for Ion and Neutral Analysis
(ROSINA; Balsiger et al. 2007).

Near perihelion in 2015 August, the comet outgassing was at its
maximum (>10? s~!; Hansen et al. 2016), leading to a more complex
ion composition (Heritier et al. 2017b; Beth et al. 2022). The denser
coma allows H,O™" (directly produced through ionization) to readily
transfer a proton to the neutral H,O to produce H;O*, which is
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often the dominant ion species in the coma (Altwegg et al. 1993;
Vigren & Galand 2013). H3O" can then be lost to reactions with
high proton affinity (PA) neutrals (Heritier et al. 2017b) or, often
to a lesser extent, by dissociative ion—electron recombination. The
former process can happen repeatedly for neutrals with increasing
PA until the terminal ion is reached. This is N HI, formed through
the protonation of NHj that has the highest PA of the cometary
neutrals (Altwegg et al. 1993; Vigren & Galand 2013). Unambiguous
detection of NH; was first reported by Beth et al. (2016), using the
ROSINA/ Double Focussing Mass Spectrometer instrument (DFMS;
Balsiger et al. 2007). Near perihelion, detections of NHJ increase
(Lewis et al. 2023), sometimes overtaking H;O" at times of high
outgassing.

From late 2015 April at 1.8 au to 2016 February at 2.4 au, a
diamagnetic cavity was sporadically detected as regions of negligible
magnetic field (Goetz et al. 2016a). The diamagnetic cavity repre-
sents the region where the mass-loaded solar wind plasma is diverted
away from the unmagnetized nucleus, preventing the interplanetary
magnetic field from penetrating to the surface, and leaving an inner
magnetic field free region around the nucleus. This region, previously
predicted by theory (Biermann, Brosowski & Schmidt 1967), was
first detected by the European Space Agency (ESA) Giotto spacecraft
during the 1986 fly-by of comet 1P/Halley (hereafter 1P; Neubauer
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et al. 1986). However, even at perihelion, 67P had a 210 times lower
outgassing rate than 1P did during the Giotto fly-by. Consequently,
the plasma environment of 67P was found to be substantially differ-
ent; the diamagnetic cavity boundary location appeared to be highly
variable and was inconsistent with a well-established global structure
(Goetz et al. 2016a; Henri et al. 2017). This was previously pre-
dicted by magnetohydrodynamic modelling by Rubin et al. (2012),
which showed that asymmetrical outgassing could lead to unstable
plasma flow and Kelvin—Helmholtz instabilities along the cavity
boundary.

Since cometary ions are produced from parent neutrals that are
expanding from the surface at u,,, a first assumption would be that the
ions travel with the same bulk velocity. Such an assumption has been
shown to accurately reproduce the total plasma density measured by
the RPC Mututal Impedance Probe (RPC-MIP) and Langmuir Probe
(RPC-LAP) later in the escort phase, when the comet activity was
low and Rosetta was within a few tens of kilometres of the nucleus
(Vigren & Eriksson 2017). However, the same model considerably
overestimates the plasma density closer to perihelion, suggesting
that the ions may be undergoing significant acceleration that does
not effect the neutrals.

The ion bulk speed has been derived near perihelion from Rosetta
data in several ways. One method (Vigren et al. 2017) involves the
use of a combination of the current-voltage characteristics from
the Langmuir probe (RPC-LAP) instrument, and electron number
densities from the RPC-MIP (Trotignon et al. 2007). Applied to a
3-day range in 2015 August by Vigren et al. (2017) and in 2015
November by Odelstad et al. (2018), effective ion velocities in the
range 2-8 km s~! at 200 and 135 km were derived, respectively. This
range is higher than the 0.5-1 km s~! neutral speed (Hansen et al.
2016), and led to the conclusion that the ions and neutrals are indeed
decoupled. However, this method presents an upper estimate of the
ion bulk speed, since it does not allow separation from the thermal
speed (Mott-Smith & Langmuir 1926). For an ion drift speed of the
order of the neutral speed, 1 km s~!, the thermal speed term is of
comparable size for ion temperatures 0.1 eV. The ion temperature
is not well constrained, but values in the range 0.7-1.6 eV have been
derived by Bergman et al. (2021b) using measurements from the
Ton Composition Analyser (RPC-ICA; Nilsson et al. 2007). Another
method applied by Vigren et al. (2017) is based on a simple flux con-
servation model, with the assumption of radial outflow, to estimate the
ion speed. They found that the two methods produce similar values
of the ion bulk speed, but note that EUV attenuation was neglected,
as well as dissociative recombination. Neglecting the decrease in the
photoionization frequency results in overestimated values of the ion
velocity supported by Johansson et al. (2017) and their investigation
regarding the attenuation due to dust. A third method uses RPC-ICA
energy spectra fitted to drifting Maxwell-Boltzmann distributions for
data from 88 diamagnetic cavity crossings (Bergman et al. 2021b).
This fitting process allows the thermal and drift velocity components
to be separated if the instrumental energy resolution allows, and a
bulk speed of 5-10 km s~! was found, with a peak probability at
7 km s~! though the ability of RPC-ICA to measure the low-energy
ion population is still debated.

A key challenge when interpreting these calculated ion bulk speed
measurements is the influence of the negative spacecraft potential
(Odelstad et al. 2017) on the detected ions. RPC-LAP was positioned
on a boom, and is therefore less strongly affected by this problem
than RPC-ICA, which was positioned on the main body of the
spacecraft. Low-energy, positively charged ions were accelerated
towards the detector, resulting in the distortion of their energy spectra
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as measured by the instrument. Studies have been performed (e.g.
Bergman et al. 2020; Johansson et al. 2020) using the Spacecraft-
Plasma Interaction System (SPIS) to model this effect with the aim
of correcting for it in the data. Bergman et al. (2021a) compared
their derived ion temperature and velocity with results from the
SPIS model to conclude that the effect on the measured speed
would be fairly minimal (shifting the peak of the probability density
function for the ion drift speed (u; p) to 6.9 km s~'). However,
other uncertainties remain, for example the variation in the spacecraft
potential and the flow direction of the ions. The spacecraft potential
distorts the measured direction of low-energy ions from ICA, but
higher energy cometary ions have been mostly observed in the radial
direction (Nilsson et al. 2017). Particle-in-cell simulations have been
used to correct for the spacecraft potential in ICA data by Bergman
et al. (2021b), showing a surprising ‘backstream’ of ions towards the
nucleus.

Despite these uncertainties, it is likely that the cometary ions
within the diamagnetic cavity are indeed travelling faster than the
neutral population, and are therefore collisionally uncoupled to some
extent. Since the ionizing photons and electrons carry a negligible
momentum compared to the neutrals, cometary ions are produced at
the neutral speed, but are then susceptible to electromagnetic fields.
Collisional decoupling from the neutral flow arises when the ions are
accelerated beyond the neutral speed. Determination of the extent of
this decoupling is important to understand how the cometary plasma
behaves (including formation of the diamagnetic cavity boundary),
but it is currently not well understood.

Outside the diamagnetic cavity and solar wind ion cavity, cometary
ions are accelerated by the convective electric field of the solar wind,
which leads to the mass loading and ion pick up process (Szego et al.
2000; Behar et al. 2016). Inside the unmagnetized diamagnetic cavity
region, the J x B term in Ohm’s law vanishes, and the ambipolar
electric field becomes dominant. Unlike at planets, the electron
pressure gradient does not arise from the different gravitational
forces acting on ions and electrons (e.g. Schunk & Nagy 2009),
but from the higher energy and pressure of the cometary electrons
compared to the ions due to their smaller mass. An electric field
arises to oppose the creation of a charge imbalance, in order to satisfy
quasi-neutrality on scales longer than the Debye length. At comet 1P
during the Giotto fly-by, Gan & Cravens (1990) demonstrated that the
ambipolar field (and therefore the electron pressure) was negligible,
since the dense neutral coma led to efficient collisional cooling of
electrons. At 67P, for low outgassing activity, the ambipolar electric
field has been shown to have a tangible impact on the cometary
plasma environment. One such impact is keeping cometary electrons
‘trapped’ in a region close to the nucleus (e.g. Deca et al. 2019;
Stephenson et al. 2022), thereby increasing the efficiency of electron-
neutral collisions and leading to a cold (though minor) electron
population (<0.1 eV) consistent with observations by RPC-LAP and
RPC-MIP (e.g. Eriksson et al. 2017; Engelhardt et al. 2018; Gilet
et al. 2020; Wattieaux et al. 2020). In addition, solar wind electrons
were found to have been accelerated towards the nucleus by such an
electric field, detected as a suprathermal electron population (Deca
et al. 2017; Madanian et al. 2017) and responsible for generating
aurora (Galand et al. 2020; Stephenson et al. 2021) and ionization
(Stephenson et al. 2023).

The magnitude and functional form of the ambipolar electric field
are difficult to constrain. pravens (2004) derived an expression for
the radial electric field (E = E(r) 5) by first enforcing n, ~ n;
1/r while T, is assumed constant and isotropic throughout the coma.
This arises from a field-free and chemistry-free model of the coma,
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with a pure H,O coma and the comet as a point source. Under these
assumptions, the electric field becomes

I dp.(r)  kgT, d(n.(r)) _ kgT,

E(r)=— =- = ,
gn.(r) dr qn.(r)y dr qr

)]

suggesting a oc1/r dependence. However, that may not be applicable
between the surface and the radial location of the ionospheric peak
located around 2r, (or lower) as n; increases (Heritier et al. 2017a).

An argument can also be made for a 1//? dependence of the
electric field by enforcing neutrality of the plasma. Gauss’s law
under spherical symmetry gives

1 dEM?) g —n,)

r2  dr € ’ @
which, assuming strict neutrality (n; = n,), leads to

2
E(r)= E(rc)r%, 3)

where E(r,) is the electric field strength at the comet surface. This is
equivalent to the electric field generated by a charged sphere.

This study aims to further constrain the electric field with a
1D ionospheric model within the diamagnetic cavity including
acceleration of the cometary ions by an electric field. The model
is first described in Section 2, including validation against different
approaches (see Section 2.4). In Section 3, the sensitivity of the
ion composition and total plasma density to the electric field and
momentum transfer is assessed. Finally in Section 4, we compare
the total plasma density from the model to the measured electon
density from RPC-MIP and instruments, which we use to constrain
ion acceleration within the diamagnetic cavity.

2 MODEL DESCRIPTION

The 1D ionospheric model used in this paper is based on the one
described in Heritier et al. (2017b), restricted to the ion species
H,0%, H;0%, and NH; . We have, however, updated it substantially
to include acceleration of the ions above the neutral speed u, by an
ambipolar electric field, as well as momentum transfer collisions.!
The coupled continuity equation applied to each ion species produced
ata given cometocentric distance r are solved using a finite difference
method for the three ion species for logarithmically spaced spherical
shells from the comet nucleus at » = 2 km up to r = 1 x 10° km
(300 bins), until a steady state is reached.

The simplified neutral gas coma model is comprised of a small
fraction of NH3 (fy ) and the rest is water ( fy,0 = 1 — fiy,). For
input values of fyp,, outgassing Q, and neutral speed u,,, the neutral
density n,(r) of each species n is calculated using the simplified
Haser model (Haser 1957):

Of

dru,r?’

@

n,(r) =

2.1 Ion continuity equation

Consider an ion population (j, s), of species j born at a cometocentric
distance r,. In 1D and spherical symmetry, the number density n; ((r)
of this species, along a given radial line, is governed by the continuity

!t should be noted that there is a typo in the caption of fig. 4 of Heritier et al.
(2017b); the neutral number density used to calculate the photoionization
rates was 3 x 107 cm_3, instead of 2 x 10® cm™3.
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equation
anm 1 0 2
al + }"725(’. nj.suj,s) = Pj,s - RjA,.snj,Ss (5)

where i, ((r) is the bulk velocity of the species (j, s) at r (see
Section 2.3). All ions are produced initially at the neutral radial
velocity, so at r =ry, U (r) = u,.

Pj 4(r, 1) is the production rate of the ion population (j, s) (in
cm™? s71), which is comprised of the contributions from ionization,
ion-neutral chemistry (Section 2.2), and momentum transfer (see
Section 2.3):

P; = P 4 P{"m 4 PYT. (6)

Equivalently, R; ((r, ?) is the loss frequency of the ion population
(j, 5) (in s~1), and comprises losses due to chemistry (see Section 2.2)
and momentum transfer (see Section 2.3):

Rjs = RS + R )

2.2 Ionization and ion chemistry

The two main ionization sources for cometary ions are photoion-
ization and electron impact. However, the importance of electron
impact has been shown to be low at the location of Rosetta compared
to photoionization near perihelion when the outgassing is high
(Stephenson et al. 2023). It is neglected in the model over the full
range of cometocentric distances. Large electron impact ionization
frequencies can be driven by acceleration of solar wind electrons
(such as 67P away from perihelion; Madanian et al. 2017) or by
absorption of X-rays at very large outgassing rates (such as 1P).
Neither of these mechanisms are significant in the diamagnetic cavity
of 67P near perihelion, so it is reasonable to neglect ionization
by electron impact. Photoionization of the most dominant neutral
species, H,O, is the most important ionization reaction and results in
the production of H,O™ at the same speed as the neutral coma (u,,).
The ionization production rate is given by
P/l?;n — l)ioni n (8)

n—jitns
where Ufﬂ’)’vj is the ionization frequency: the number of neutral
molecules n (here H,O) per second that are photoionized to form
ion species j (here HOm). This frequency is calculated using the
photoionization cross-sections for each neutral species U,f‘l’j-()»),
combined with the attenuated solar EUV spectrum, calculated
from the Lamber—Beer law using the unattenuated solar flux from
TIMED/SEE (Woods et al. 2005) adjusted to the heliocentric
distance of the comet. A time shift is applied to correct for the
difference in solar phase angle between the comet and the Earth
(Galand et al. 2016). The profiles of the photoionization frequency
with cometocentric distance, for the two case studies discussed in
Section 4, are shown in Fig. 1, attesting greater attenuation by the
neutral coma when the outgassing is higher in 2015 July compared
to 2015 November.

Once ions have been created through ionization, they can then
undergo chemical reactions with other neutral species. A list of all
the reactions considered in the model is given in Appendix A. The
rates depend on the neutral temperature, for which we use the profile
from the adiabatic model in Heritier et al. (2017b).

The production rate of ion population (j, s) at the neutral speed u,,
due to ion-neutral chemistry is given by

chem IN
P; = E ki e iiinmjrs ©)]

n.j'#j
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Figure 1. Photoionization rate profiles for the two cases given in Section 4
(see inputs in Table 1).

where kI].ITTH_) ; 1s the reaction rate coefficient for ion-neutral chemical
reactions between the ion species j' and the neutral species n, leading
to the production of ion species j (here H;O* or NH}). We exclude
symmetric charge exchange. Since the production of one ion species
through ion-neutral chemistry results in the loss of another, there is
an equivalent term in the loss rate (R;,).

The other way that an ion of a particular species can be chemically
lost is through ion—electron dissociative recombination (often abbre-
viated to DR herein). A list of all the DR reactions considered in the
model is given in Appendix A. The recombination rate coefficient
a?R [em? s7!] is dependent on the electron temperature, assumed to
be 10* K (using average combined temperature in the cavity from
the RPC-MIP data set; Wattieaux et al. 2020). This assumption of
constant electron temperature through the coma is unrealistic, but the
sensitivity of our modelled electron density to the DR rate is limited
(Beth, Galand & Heritier 2019)

Putting together the loss frequency for ion species j through both
ion-neutral chemistry and DR, it follows that:

chem IN DR
Rj = E kj,nﬁj/nn—i— o ne (10)
n.j'#j
——
ion-neutral dissociative
chemistry recombination

2.3 Ion acceleration by an electric field in presence of
momentum transfer

The ion populations in the model are distinguished by their source
location r, as well as their species j. The modelled ions are born at
the neutral speed and subsequently accelerated by an electric field
as they travel radially outwards from the nucleus. This means that at
a given shell r,, the ion density is the sum of the populations from
each source below and equal to it (r; < r,), which are all travelling
with different bulk velocities.

The velocity profiles u; ((r,) are calculated before solving the
continuity equations. We first define the electric field as E(r,)
= E.(rc/ry)", where coefficient m € {0, 1, 2} is an integer and
E, [V m~!]is the electric field at the comet surface (r..). Conservation
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of energy then dictates that
1 1 Ta re\™
st = smui [ Euntro ()" ar, an

where u; ((r,) is the radial speed of the ions at r, that were produced
at ry, either through ionization, ion-neutral chemistry, or momentum
transfer, and subsequently accelerated from the neutral speed u, by
the electric field. For example, for an electric field E oc 7!, this then
leads to an ion velocity profile:

>y 2E.r.

n

In’2. (12)

uj(ry=lu
m; Ts

The velocity profile is calculated for the ion population of species
Jj produced at each shell r,. The continuity equation is then solved for
each population (j, ), and the production term P; ; is only non-zero
in the source shells. The contributions from each source are then
summed at each cometocentric distance shell to find the total density
of each species:

nirg) =y njs(ry), (13)

where s varies to convert cometocentric distances from ry = r.. to r
=1y,

The acceleration of ions can then be interrupted by ion-neutral
elastic collisions, where there is no change in ion species involved,
but the momentum of the fast ion species is transferred to the slow
neutral. We assume that this collision is completely elastic, leaving
the previously fast ion now at the neutral speed and the neutral at the
accelerated ion speed. The case we consider is then an upper limit
for the contribution of momentum transfer that said the lower limit
of the ion bulk velocity. We explore the sensitivity in Section 3.

The contribution of momentum transfer to the production rate of
the ion population (j, s) is

PYTr) =D F T rn (), (14)

s'<s

where F;{v}”"ﬁu" [s~!']is the collision frequency for ions in population
(J, '), where 5" < s. Put simply, this is the rate at which ions slowed
down have been ‘left behind’ by their original population produced
at ry and will then contribute to the population (j,s).

Conversely, the ions originally in population (j, s) and ‘left behind’
by the accelerating ions after undergoing an ion-neutral collision at
radial distance r, will then make up the momentum transfer loss
frequency. They are produced at neutral velocity u,. In this model,
we use simple constant collision rate coefficients k) [cm’s™'] (given
in Appendix A) such that

Ujs—>Un

R (rg) = F 27" () = D kY Tnary). (15)

The bulk velocity of each species can then be calculated by
summing over the sources

Z; nj,s(rq)

and the total ion bulk velocity u; is the weighted mean of all species

up = Q2 nup)/ > n;.

ui(ry) = (16)

2.4 Validation of the model

In this section, the model described in Sections 2.1-2.3 is validated
against analytical solutions for each of the three core components
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of the numerical scheme: momentum transfer (Model I), ion-neutral
chemistry (Model II), and electric field acceleration (Model III). In
all cases, dissociative recombination is neglected, the neutral speed
u, = 1 kms~!, the photoionization frequency 1 x 107 s~!, and comet
radius . = 2 km.

2.4.1 Analytical model I: momentum transfer

First, we check the momentum transfer numerical scheme (see
Section 2.3) against a simple analytical model where we consider
a population of ions (single species) produced from the surface at
a speed u; > u,. The ions are then transported radially outwards,
undergoing momentum transfer collisions with the neutrals, but with
no ion-neutral chemistry or dissociative recombination loss. Ions that
have collided with a neutral have their speed reduced to the neutral
speed. We then have two populations of ions, ‘hot’ (ny(r)) and ‘cold’
(nc(r)) at constant speeds u; and u,,, respectively. The two populations
follow the coupled continuity equations:

1 d
——(npuir’) = =kMngn, 17
r2dr
1d
= gy (nctnr®) = KMy, (18)
r2dr
which can be solved to find
riu; C, C
nc:w(l_exp (J_J)) (19)
r<uy, r Fe
r? C C
nyzwexp (70_7(’), (20)
r r Ve
where Cy = fx% . The results of comparison between equations

(19) and (20), and the numerical model with the same assumptions
are given in Fig. 2a, for 0 = 10?7 s~ and AMT =5 x 107! em? s~
The numerical and analytical models show a very good agreement,
with the maximum relative difference in the total ion density
of 0.5 per cent for the logarithmically spaced bins described in
Section 2, and for u, = 1 km s~ ! and »; = 3 km s~'. The difference
results from the finite cell size in the numerical approach.

2.4.2 Analytical model I1: ion-neutral chemistry

Next, we validate the implementation of ion-neutral chemistry
in the model. With acceleration, dissociative recombination, and
momentum transfer neglected, and considering a monoenergetic
solar radiation at noon, it is possible to derive an analytical solution to
the coupled continuity equations for three ion species (H,O", H;O™,
and NH}):

1 dng,o+u,r? vQ
r2 2dr - 4mu,r? exp (=tre/r)
o
—(k1 fo,o + k2fNH3)mnH20+a 1)
1 dng.o+u,r? 0]
7th = (klfHZO)W”HZOJr
k 0 22
—( 3fNH3)W”H30+7 (22)
1 dnyggrut,r? 0
rﬁgir = (kaNH3)mnH20+
0o
+(k3fNH3)WnH3O+s (23)
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where ki, k,, and k3 are the relevant chemical rate coefficients (see
Section 2.2 and Appendix A) and 7 is the optical depth. The solution
(derived in Appendix B) is then given by

vQ ’}2 r Te
n; = = |—Ey (t— ) — Ex(7) 24)
dulre r? |1, r
2
ny,ot = 2 U% % |:LE2 ((K| + K> +‘L’)Q) —Ez(K[ + K> + ‘L’)] (25)
wulre r? [ re r
X exp [(Kl + Kz)’;—[] (26)
_ vQ r} K, r re
MOT T a2 1 Ky + (Ko — K3) | ({ZEz ((K‘ e ”7)
—Ex(Ky + Kz + D)lexp (K1 + K2)™ )
- [iEz (K3 +0)™) = Ea(ks + r)} exp (,(3&)) @
Te r r
ANHP = M~ M,0t — MHy0ts (28)

00 X!

where Ex(x) = [, e dt is the exponential integral function and

klszOQ

K, = 29

! 4ulr, (29
ko fns O

K= —"F7"-+— 30

: 4ulr, (30)
k3 fn, O

Ky = —-"— 31

3 4ulr, Gh

=92 (32)

dmu,r,

The solutions are overplotted in Fig. 2b, with the result of the
numerical model with the same assumptions and for Q = 10?7 s7!,
Sy = 0.01, fu,0 =0.99, and 7 = O (optically thin coma at the
surface). The two models show again very good agreement, with
maximum variation 5 per cent, for again the logarithmically spaced
bins described in Section 2.

2.4.3 Analytical model IlI: electric field acceleration

Finally, the effect on the number density of the electric field can be
validated analytically by the consideration of a single species model
with no momentum transfer or ion-neutral chemistry. The model is
described in Appendix C and is compared to the present numerical
model in Fig. 3, for electric fields occonst. (a), ocr~! (b), and o2
(c). Again, the maximum difference between the analytical model
and our numerical scheme is around 5 per cent.

3 TON COMPOSITION AND IONOSPHERIC
DENSITIES

In this section, we explore the sensitivity of the model output to
momentum transfer and to the electric field.

First, we examine the effect of the electric field on each ion
species. Fig. 4 (left) shows the ion density profiles for input electric
field profiles oc1/r with three different surface field strengths: 0,
1, and 10 mV m~'. The time-scales for each ion loss process are
also shown in Fig. 4, right panel. The density profile of H,O
varies very little with the electric field strength (Fig. 4a), owing
to the proton transfer time-scale that is always shorter than both the
transport and dissociative recombination time-scales (Fig. 4b). As
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Figure 2. [a] Density profile of ions at u; and u, and the total density for the present numerical model in comparison with analytical model I described in
equations (19) and (20). [b] Density profile of HyO%, H;07, and NH;, as well as the total density for the present numerical model in comparison with analytical
model II given in B. In both [a] and [b], the coloured lines show the numerical model, and the corresponding analytical model is shown by black dashed lines.
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Figure 3. Total ion density profiles from the numerical model (coloured lines) compared to analytical model III (black dashed lines) given in Appendix C for
0 = 10% s~ Electric fields are of varying strengths and occonst. (a), ocr~! (b), and o2 (c).

previously documented (e.g. Vigren & Galand 2013), H,O" is close
to photochemical equilibrium at this outgassing rate (10%® s~!) and
low cometocentric distances, such that ny,04+ ~ v/k and mostly gov-
erned by the change in ionization frequency. At high cometocentric
distance, the 10mV m~! case begins to exhibit a small departure from
photochemical equilibrium, as the transport time-scale is decreased
such that it is more similar in magnitude to the proton transfer time-
scale.

H;0" is only produced through the proton transfer from H,O"
and is therefore more sensitive to the increasing electric field than
H,O" (see Figs 4 ¢ and 4d). With the strongest electric field, the
proton transfer has the shortest time-scale below 10 km, so loss of
H;0% to NH} dominates close to the nucleus. With no electric field,
this continues up to 100 km. Transport then takes over (shorter time-
scale), decreasing the ion density further from the surface. In the
electric field case, the H;O" density profile reaches a slope in 1/r
above ~100 km. When the electric field is applied, the dissociative
recombination time-scale is always at least an order of magnitude

larger than the transport time-scale, so this is not a significant loss
process for this ion species.

NH is the most sensitive of the three ion species to the increasing
electric field, with the density over an order of magnitude lower
at 100 km with a 10 mV m™' electric field than when there is
none. This means that the presence and strength of the ambipolar
electric field may have important consequences for the detectability
of NH; within the diamagnetic cavity. The transport time-scale is
always shorter than the dissociative recombination time-scale. The
difference is particularly marked when the strong (10 mV m™')
electric field is applied: transport dominated. This, combined with
the lack of NH/ production at high cometocentric distances means
that it is quickly transported away, and the ion density slope is in 1/1°
above ~300 km. This is the same as the pure transport solution (no
production or chemical loss) to the continuity equation (equation 5).
With lower electric field, DR becomes increasingly important at high
cometocentric distances and the slope of the NH] profile is between
r~!and r2.

MNRAS 530, 66-81 (2024)
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Figure 4. Ion density (left column) and loss time-scales (right column) for H;O" (top), H;0" (middle), and NHZ’ (bottom). Three different electric field
conditions are considered: no electric field, E(r,) = 1 mV m~!, and E(r,) = 10 mV m~'. The three loss time-scales are transport (solid line), dissociative

recombination (DR, dashed), and proton transfer (PT, dot-dashed). The electric field is assumed to be radial and proportional to 1/r, the outgassing Q = 10>

and the neutral composition to be 1 per cent NH3 and 99 per cent H,O.

Fig. 5 shows the effect of including momentum transfer on the
density of the three ion species as well as their total. As anticipated,
the addition of momentum transfer increases the ion density, since the
acceleration process is interrupted, slowing the bulk ion speed and
allowing the ionosphere to build up more before it is transported.
H,O™, however, is unaffected since it is close to photochemical
equilibrium and therefore not sensitive to the transport time-scale.
Momentum transfer has the greatest impact on the NH} density, not
only because of its decreased transport loss, but also because of its
enhanced production. The slowing of H;O™ ions through ion-neutral
collisions allows protonation to occur more readily.

MNRAS 530, 66-81 (2024)
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The influence of both the electric field and momentum transfer
on the total density and ion bulk velocity is summarized in Fig.
6, for electric field proportional to 1/r (a and b) and 1/ (c
and d). In all cases, the total density is higher when momentum
transfer is included, and the bulk speed is lower. Vigren et al.
(2015) found for the case of an electric field decreasing in !,
in the absence of momentum transfer and for the case of wa-
ter ions, the n; oc 1/r relation is recovered above the density
peak for all electric field strengths. We found that this remains
valid for the case of three ions species with momentum transfer
included.

$20z 1snbny 7z uo Jasn aunipa|y pue ABojouyoa ] 8ouslog Jo 8690 [euadw| Aq 99€1£9//99/1/0ES/a101E/SBIUW/ /W02 dNo dlwapede//:sdiy Woll PapEojUMO(]



[a] 10®
.
——H,0
.
——H,0
.
102} NH,
=3 —total
X
10"t
10" 10°

1 1.5 2
u; [km 3'1]

Figure 5. [a] Ion density for H;O*, H30", and NHJ, both with momentum
transfer (solid line) and without (dashed line) momentum transfer. [b] Ion
bulk velocity for each ion shown in [a], calculated according to equation
(16). The electric field was assumed to be E = 1 x 1073(ro/r) V. m™!, the
outgassing Q = 1028 s~!, and the neutral composition to be 1 per cent NHj;
and 99 per cent H,O.

4 COMPARISON WITH ROSETTA DATA

We now focus on two key time periods during the Rosetta escort
phase, comparing the total density derived from the RPC-MIP and
instruments with the total ion density from our model for various
electric field profiles. In doing so, we constrain the strength of the
electric field which is required to explain the measurements. We also
compare the predicted versus the measured NH density with the
same inputs and electric field strengths.

The first period we consider is 2015 November 20-21, and a
summary of the key data is shown in Fig. 7. Rosetta spent a significant
amount of time inside the diamagnetic cavity (blue shaded vertical
boxes) during this window, and there is strong coverage of the
combined MIP/LAP data set (black, bottom panel). On November 21,
the ROSINA/DFMS high-resolution ion mode was briefly active, and
captured signatures of NH} consistently (red, vertical lines, middle
panel) (see Lewis et al. 2023), hence this makes an interesting case
study for comparison with our model.

We also consider 2015 July 29-30, two weeks before perihelion,
which saw some of the strongest NH/ signatures and many diamag-
netic cavity crossings (see Fig. 8). The MIP/LAP combined data set
was not available for this period, so we use electron density data
from RPC-MIP only (red, bottom panel).
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The distribution of electron density measurements that were taken
while Rosetta was inside the diamagnetic cavity for each time
period is shown in the histograms in Fig. 9. The data are similarly
distributed, with less variation in November when more data were
available. For comparison with the model, we take the range of
electron densities one standard deviation on either side of the mean
(indicated by the blue shaded regions), which was around twice as
high in 2015 July (955.1-1517 cm™3) compared to 2015 November
(544.4-791.8 cm™).

A summary of the model inputs and range of electron densities for
each period is shown in Table 1. The neutral speed was taken from
Biver et al. (2019), and the outgassing Q was derived from this and
the COPS neutral density (see equation 4). It is worth noting that the
data availability of COPS was limited for the November period, so
only a best estimate of the average outgassing over the whole period
can be used. The fraction of NH; was estimated from the DFMS
neutral mode data shown in Figs 7 and 8.

For arange of electric field surface strengths E(r.), the ionospheric
model was run for the inputs in Table 1, for the time periods in 2015
November and July. Fig. 10 a shows the modelled total ion density at
the cometocentric distance of Rosetta for each electric field strength.
The profiles are calculated for both E o< r~! (solid lines) and E o r—2
(dashed lines). The horizontal shaded regions in red and grey show
the electron density data for 2015 July and November, respectively
(derived in Fig. 9). The r~2 profiles are clearly unable to explain the
measured electron densities and ion speeds, since an unreasonably
high electric field would be required to reduce the electron density to
the measured range at the Rosetta location. Hence, we follow the !
profiles to derive the surface electric field strength range that would
explain the measured electron density for each time period. We find
electric field strengths for July and November of around 1.1-2.7 and
0.2-0.6 mV m~!, respectively. Stronger electric fields (>3 mV m~)
lead to enhanced ion transport, reducing the plasma density below
the observed range.

We now examine the predicted NH] density for the same input
conditions and range of electric field measurements as in the previous
section. Fig. 10 b shows a decreasing trend of NH] density with
increased electric field strength, similar to the total plasma density.
As discussed in Section 3, NHJ is more sensitive to the change in
the electric field strength, and therefore varies over more orders of
magnitude than the total ion density. For the total plasma densities
measured in the two time periods, the model predicts that this would
correspond to 20—40 cm~ of NH; on 2015 November 20-21 and
50 — 110 NHj for 2015 July 29-30.

While we know NH} was consistently detected in the diamagnetic
cavity during the two case study periods while the mass spectrometer
was inion mode (see Figs 8 and 7), the number density of NHI cannot
be inferred from the ROSINA/DFMS spectra with identified NH;
peaks. It is likely that even the lowest modelled densities in Fig. 10
b would be detectable by the instrument in the high-resolution mode
(see Lewis et al. 2023, Appendix A), and NH; detection with DFMS
is also dependent on the field of view and energy acceptance window
of the instrument. Therefore, it is not possible to use the detection of
NH to constrain the electric field in this way.

Fig. 10c shows the ion bulk velocity for the same model runs as
Figs 10 a and 10b. For the lowest electric fields (=1 x 107> Vm™"),
the ions are not significantly accelerated above the neutral speed.
When the electric field is high (>1 x 1072 V m™!), the ions are
further accelerated, up to 10 km s~!. Such high speeds have been
derived from RPC-ICA measurements (Bergman et al. 2021a), but the
present ionospheric modelling suggests that such strong acceleration
would lead to electron densities around 6 times lower than what have

MNRAS 530, 66-81 (2024)
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Figure 6. [a] Total ion density for different electric field strengths with E oc 1/r, with (solid line) and without (dashed line) momentum transfer. [b] Ion bulk
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Figure 9. Histograms showing the spread of total electron density measure-
ments within the diamagnetic cavity for the two time periods considered. The
shaded region shows the data one standard deviation either side of the mean.

Table 1. Inputs in the model as used to represent the two time periods
discussed in Section 4. Local outgassing rate (Q), cometocentric distance r
of Rosetta, and NH3 mixing ratio are estimated from the data in Figs 7 and
8. The neutral speed u, is taken from Biver et al. (2019), and the electron
density range is as shown in Fig. 9.

Input parameter 2015 July 29-30 2015 November 20-21

Heliocentric dist. [au] 1.254 1.715

0 [s~11 2.3 x 108 7 x 1077
r[km] 180 135

Upn [km s~!] 0.90 0.75
NH; % 0.3 0.2

Ne [ecm—3] 955.1-1517 544.4-791.8

been measured by RPC-MIP and RPC-LAP. Instead, the observed
densities are best explained by ion bulk velocities of 1.2—1.7 km s~!
on 2015 November 20-21 and 2-3 km s~! for July 29-30. The finding
of higher ion velocity for 2015 July compared to 2015 November is
as may be expected. Rosetta was further away from the comet during
July, allowing the cometary ions more time to accelerate.

5 DISCUSSION

5.1 Ionospheric composition

One novelty of our approach is the inclusion of NHJ, the dominant
ion species in the inner part of the ionosphere near perihelion. This
does not have a significant impact on the total ion density, since
the dissociative recombination rate coefficient is similar for all the
species, but it does reduce the density of H;O" since loss through
proton transfer to NH3 happens very readily in a collisional coma at
high outgassing rates. The NH density is much more sensitive to
the enhanced ion speed than the water ion species. However, it is not
possible to directly compare modelled ion densities with counts from
ROSINA/DFMS ion mode scans, limiting the possibility for using
NH{ detections with ion mass spectrometer observations within the
diamagnetic cavity to constrain the ambipolar electric field.

MNRAS 530, 66-81 (2024)
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Figure 10. [a] Total plasma density, [b] NHI density, and [c] bulk ion
velocity, for model runs for input conditions representing 2015 July 29-30
(red lines) and 2015 November 20-21 (black lines), as a function of electric
field surface strength. Field profiles oc1/r (solid lines) and o1/r? (dashed
lines) are shown. Shaded red and grey regions show how we derive the NHI
density, ion bulk velocity, and electric field strength (when E oc 1/r) that
corresponds to the measured electron density from the RPC instruments over
the two periods considered (see Table 1).

The density of H,O" is resistant to changes in the electric field,
since it is close to photochemical equilibrium (Galand et al. 2016;
Heritier et al. 2017b) and therefore unaffected by the changing
transport term in the continuity equation. As a result, it is also
unaffected by the inclusion of momentum transfer in the model.
For the other ion species, the momentum transfer has the impact of
interrupting the process of ion acceleration, therefore reducing their
transport loss and increasing the density. NH; is again more sensitive
to momentum transfer than H;O™ in the presence of an electric field.

5.2 Ion bulk velocity

We compared the ionospheric simulation with total electron den-
sity data from RPC instruments (see Section 4). We find that to
explain the measured plasma density in the diamagnetic cavity in
2015 November, our model requires an ambipolar field of around
0.5 mV m™~!, leading to a bulk ion speed of ~1.2-1.7 km s™! at the
Rosetta location. On 2015 July 29-30, we derive a stronger electric
field, up to 1.5 mV m~!, leading to slightly faster bulk speeds of
~2-3 km s~!. The ion speeds we derive are lower than those derived
from RPC-ICA, but are broadly consistent with the measured values
from RPC-LAP and from the flux conservation method based on
observations of the electron density around perihelion (Vigren et al.
2017).

MNRAS 530, 66-81 (2024)

To understand Fig. 10 further, we return to the continuity equa-
tion (equation 5), but now considering the total plasma density
(.e.n;(r) = Zj,s n; ). By making the assumption that dissociative
recombination is negligible (justified by its relatively long time-scale,
see Fig. 4), then in steady state the equation then reduces to

1d 2 ioni
o (rtun) = PN (33)

where u; is the bulk ion velocity (equation 16). This leads to the
simple relation between the ion density »; and the ion bulk speed u;,

Uioni Q

du,r?

niu; (r —re), (34)
showing that at a given cometocentric distance r, the modelled n;
o< 1/u;. The results of this section then are not dependent on what
we assumed for the momentum transfer rate coefficients or on the
included ion-neutral chemistry. The most critical assumptions are
then regarding the neutral speed u,, and the ionization frequency vijgp;.

For the neutral speed, we have taken the values given by the power-
law fits given in Biver et al. (2019) (see Table 1), and assumed that
this speed is constant down to the surface of the nucleus. In reality,
the neutral gas would be better described with an adiabatic expansion
model (Heritier et al. 2017b; Huebner & Markiewicz 2000). We can
explore the sensitivity of our results to a slower neutral expansion
velocity, taking 400 m s~! as a lower limit — this is the surface speed
used in Heritier et al. (2017b). For the same model runs as in Fig.
10, we find this increases the bulk ion speed derived for 2015 July
29-30 to 3-5 km s~ !, and for 2015 November 20-21 to 2-3 km s~ '.

The ionization frequency (see Fig. 1) is derived from the appropri-
ate TIMED/SEE data set, adjusted to the heliocentric distance of 67P
and time-shifted to account for the change in solar phase. The largest
uncertainty in this approach is in the solar flux data themselves, which
are up to 20 percent (Woods et al. 2005). Repeating the analysis
of Fig. 10 to include maximum and minimum photoionization
frequencies (assuming a 20 per cent uncertainty), leads to electric
field estimates of 0.1-1 mV m~' for November 2021 and 0.7-
4 mV m~! for July 29-30.

We also neglect any attenuation of the solar flux due to absorption
from dust grains beyond the cometocentric distance of Rosetta
(Johansson et al. 2017). The effect of this attenuation on our model
would be to decrease the photoionization frequency, reducing the
production of ions, meaning a lower bulk ion speed is required to
produce the same plasma density (see equation 34).

5.3 Nature of the ambipolar electric field

We find that the electric field following a #~! dependence is most
plausible (compared to r~2, see Fig. 10). This is, however, likely
to not be the case at very large cometocentric distances as would
lead to an unbounded potential. Since our simulation is magnetic-
field free, it is only valid within the diamagnetic cavity. It is clear
that the electric field becomes more complex close to the boundary
and outside of this region owing to the presence of the solar
wind, and therefore a simple function of cometocentric distance is
unlikely.

In addition, we have assumed a constant electron temperature,
but in reality it varies with cometocentric distance due to increased
electron-neutral collisions in the dense coma close to the surface. A
significant population of cold electrons (~0.1 eV) has been observed
through much of the escort phase of Rosetta (Eriksson et al. 2017;
Henri et al. 2017; Engelhardt et al. 2018; Wattieaux et al. 2020). They
dominate over the warm population particularly post-perihelion, and
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Figure 11. Ion density profiles [a] and ion bulk velocities [b] for runs of the
model where an electric field E = 1073 r./r Vm™! is applied, starting at the
surface, from r = 50 km, and from r = 100 km.

were observed to decrease with increasing cometocentric distance
(though comet latitude also plays a key role; Gilet et al. 2020).
These observations lead to the question of whether it is realistic
to assume an ambipolar electric field in #~!, or whether it would
be better described with a decreasing or even zero electric field
strength close to the surface. A difference in energy between the
ions and electrons is necessary for an electron pressure gradient, and
therefore an ambipolar electric field, to be set up. This possibility was
examined in Vigren & Eriksson (2017), who implemented an electric
field that abruptly ‘switches on’ at a radius of 100 km, assuming that
below this threshold the electrons are too cold to produce such a field.
In contrast, we have assumed throughout this work that the ions are
accelerated from the nucleus surface.

To test the impact of implementing a ‘cold zone’ with no ion
acceleration on our results, Fig. 11 shows ion density and bulk
velocity profiles from the present model but with acceleration from
50 km (blue) and from 100 km (red). This treatment is non-physical
given that a decrease in the electric field strength towards the nucleus
would be gradual and not abrupt, but it is the simplest approximation
to make given the electron temperature profile at 67P is not well
constrained. It allows the assessment of the sensitivity of the electron
density when no electric field is present at the surface. In Fig. 11, we
see that the ion bulk velocity and ion density converge to the same
profile in all three cases by around 2rg, where rg is the upper limit
of the ‘cold zone’ and the start of the ion acceleration (see Fig. 11).
This result is not wholly unexpected when we consider equation (12)
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in the case where acceleration is only from rg to a distance r:

2qE.r. r
u(ry=4jut+ ——mn(— ). (35)
m re

If E.r. is held constant (i.e. the field starts with the same strength
but from a different initial r), then in the limit r > rg there is
no rg dependence. At the cometocentric distances considered in
Section 4 (135 and 180 km, see Table 1) a cold electric field-free
zone is unlikely to significantly affect the ion bulk velocities we
derive, unless it extends close enough to the spacecraft location. The
electron exobase has been shown to be close to or even beyond the
diamagnetic cavity boundary (Henri et al. 2017), but to explain the
accelerated plasma speed observed beyond the neutral speed within
this region, an ambipolar electric field must exist below this limit.
Hence, although the cold electron population dominates within the
cavity, the warm electron presence must be enough to set up a weak
ambipolar field for at least some of the coma below the spacecraft
location. Both populations are indeed always observed with RPC-
MIP (Wattieaux et al. 2020).

For a higher outgassing comet such as 1P, the electrons are much
colder compared with 67P and an ambipolar electric field is less
likely to result. Electron temperatures in the unmagnetized region at
Halley during the Giotto fly-by were calculated by solving coupled
continuity, momentum, and energy equations by Korosmezey et al.
(1987), finding values around 100 K (similar to the 0.01 eV cold
population at Rosetta). In contrast, the total electron temperature
(weighted mean of the warm and cold populations) in the diamagnetic
cavity at 67P was on the order of 10* K [~1 eV], according to spectra
from RPC-MIP (Wattieaux et al. 2020).

In the lower outgassing regime, such as 67P during the Rosetta
escort at larger heliocentric distances, the coma is less dense and the
cold electron population less significant than near perihelion (Gilet
etal. 2020). The ambipolar electric field has been shown to play arole
in the plasma environment at these times, both through the presence
of suprathermal electrons leading to UV aurora (Galand et al. 2020;
Stephenson et al. 2021) and through trapping of electrons allowing
them to be cooled despite the thin coma (Stephenson et al. 2022;
Stephenson 2024). However, the total electron density measured
before 2015 January or from around 2016 February onwards is well
explained even with the assumption that the ions travel at the neutral
velocity (Galand et al. 2016; Heritier et al. 2018; Vigren et al. 2019),
suggesting no acceleration of cometary ions by the ambipolar field.
This could be explained by the low cometocentric distances explored
by Rosetta during these times (<60 km) not allowing for sufficient
travel times for measurable acceleration, and by the flattening of
the electric potential well as shown by test particle simulations
(Stephenson et al. 2023).

6 CONCLUSION

We have assessed the effect of ion acceleration on ion densities in
the presence of an electric field and momentum transfer, for three
key ion species: H,O', H;07, and NHI. Using the 1D ionospheric
model we developed, we were able to assess the sensitivity of each
species to various electric field profiles and strengths. Expanding
from the two water ion case (Vigren & Eriksson 2017), we found
that ion acceleration by the ambipolar electric field increases the
transport loss and therefore reduces the total ion density. We have
also shown that each ion species is influenced differently by the
electric field and momentum transfer. High PA ions, such as NH;{,
are particularly sensitive to both processes, and where such ions
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are strongly present may be an indicator of limited ion transport
(and vice versa). Momentum transfer reduces the effect of the
electric field, which affects both ion composition and electron
density.

We find that to reproduce the plasma densities measured by RPC
inside the diamagnetic cavity of comet 67P near perihelion, our
1D ionospheric model requires an electric field in ~! of around
2 mV m~! at the surface, leading to bulk ion speeds at Rosetta
of 1.4-3.0 km s~!. Although likely weakened by efficient electron
cooling, this electric field is strong enough to accelerate cometary
ions above the neutral speed, as observed by RPC. This may have
implications for the nature of the diamagnetic cavity boundary. It also
contrasts 67P with the higher outgassing case of comet 1P during the
Giotto fly-by, during which the overall electron population was likely
to be much colder preventing an ambipolar field from forming (Gan
& Cravens 1990). The Giotto and Rosetta missions provide a context
for the interpretation of future plasma observations in a diamagnetic
cavity, as planned for Comet Interceptor (Snodgrass & Jones 2019,
Jones et al. 2024). As the target comet for this mission has not yet
been identified, modelling will continue to play an important role in
exploring the parameter space to build up a picture of the full plasma
environment and its key drivers.
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APPENDIX A: REACTIONS INCLUDED IN THE IONOSPHERIC MODEL

The rate coefficients for dissociative recombination, momentum transfer and ion-neutral chemistry are given in Tables Al, A2, and A3. The

Table Al. Dissociative recombination rate coefficients used in the model. T, is the electron temperature in K.

Temp. range
Reaction kinetic rate coefficient af’ R em? s [K] Reference
H,0t +e~ - O+ H, 3.9 x 1078(300/7,)%> 10-41000 Rosén et al. 2000
H,0t +e- - O+H+H 3.05 x 1077(300/T,)° 10-1000 Rosén et al. 2000
H,O0t +e~ — OH+H 8.6 x 1073(300/T,)%> 10-1000 Rosén et al. 2000
H;0" 4+ e~ — H,0+H 7.09 x 10~8(300/T,)% 10-1000 Novotny et al. 2010
H;Ot +e- > O0+H, +H 5.60 x 10~2(300/T,)° 10-1000 Novotny et al. 2010
H;0" + e~ — OH + H, 5.37 x 10~8(300/T,)%> 10-1000 Novotny et al. 2010
H;0" +e¢~ - OH+H+H 3.05 x 1077(300/T,)%> 10-1000 Novotny et al. 2010
NH; + e~ — NH, + H, 4.72 x 1078(300/T,)%° 10-2000 Ojekull et al. 2004
NH; +e~ — NH + H+H 3.77 x 1078(300/T,)*0 10-2000 Ojekull et al. 2004
NH; +e~ — NH3; + H 8.49 x 10~7(300/T,)"0 10-2000 Ojekull et al. 2004

Table A2. Ion-neutral collision coefficients for processes included in the model, assumed to be entirely elastic. The star (x) denotes a fast ion or neutral.

Reaction Collision rate coefficient AMT [cm3s™!] Reference
H,O0*t* + H,0 — H,O" + H,O* 1.7 x 107 Gombosi et al. 1996
H;0*"* + H,0 — H3;0% 4+ H,O* 5.04 x 10710 Schunk & Nagy 2009
NH;* + H,0 — NH} + H,0* 5.25 x 10710 Schunk & Nagy 2009
Table A3. Ion-neutral chemical reaction rates for reactions included in the model.

Temp. range
Reaction Kinetic rate coefficient k ]’ ’x ~ [em3 s7!] [K] Reference
H,01t* + H,0 — H30% + OH* 2.10 x 1072(300/T;,)"3 10-41000 Huntress & Pinizzotto 2003
H30"* 4 NH3 — NH + H,0% 2.20 x 107°(300/T,,)%> 10-41000 Smith, Adams & Henchman 2008
H,0* 4 NH; — NH] + OH* 9.45 x 10719(300/7;,)%> 10-41000 Anicich, Kim & Huntress 1977

dissociative recombination and ion-neutral chemical reaction rates are taken from the UMIST data base (McElroy et al. 2013) and their
accuracy is within 25 per cent.

APPENDIX B: ANALYTICAL MODEL II

To solve equations (21)—(23), we first consider the case without photoabsorption, i.e. T = 0, and set n; = 41)7Q2N jwithj=1,2,3
’ Tur. -

n

corresponding to H,O*, H;0", and NHJ respectively.
vQ 1 dNr? v

drulr.r? dr T Amulr?
_#an(klfHZO‘f'kaNHg)#N] B1)
1 2
4;qurc 2 d]Zir - 4;,4%” (klszo)%nerl
_4;£rc (k3fNH3)4nfnr2N2 (B2)
1 dN;r?
47:MQﬁrL. = dir - 4:1qung (szN‘“)WQgerl
+4;qurc (ks fruw,) 4:5,,# N (B3)
We then set x = r./r and y; = n;x? to obtain the simplified set of differential equations:
% T % (B4)
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dy,  Cyr Dy
e _ a1z B5
dx x2 x2 ®3)
dy;  Eyi  Fy
S R T B6
dx x2 + x2 (B6)
which can be rewritten as
d —B
yiexp(=B/x) _ exp(—B/x), (B7)
dx
d -D C
D2 exp=D/) 0 b py, (BY)
dx x2
dy;  Eyi  Fy
D3 _ B, 12 B9
dx x2 x2 ()

By setting Y; = y;exp (— B/x) and Y, = y,exp (— D/x), and using Ei(— x) = —E; (x) and E,(x) = exp (— x) — E;(x), these can now be solved
for Yy, Y,, and Y3:

Yy = xEy(B/x) —Ex(B) (B10)
C
Yyexp(D/x) = —o—FIXEx(B/x) — Ex(B)lexp(B/x)
+5 —pXEAD/x) — Exo(D)]exp(D/x) (B11)

With photoabsorption (equations 21-23), one has to replace B with B + 7 and D with D + 7 in equations (B10) and (B11). Putting it all
together, we obtain:

vQ rf r Te
ni = " EE, (1) — Ea(o) (B12)
Aulre r? | re r
vQ rf r re re
Mo = Gy {’E (@+0%) B+ ”} o (57) B
e vQ 2 ki fu,0
0 drulre r* ki fu,o + (ko — k3) fm;
r re Te
({—Ez (B+0%) —ExB+ r)} exp (B
re r r
r re Te
- {—Ez ((D + r)—) —ExD+ r)} exp (D—))
e r r
(B14)
ANHP =M~ Mg,0t — Mpy0* (B15)
where the constants are given by
B— (k1 fuyo + ko fans) Q (B16)
Aulr,
klfH‘)OQ
=l B17
Aulr, ( :
k3 fam; Q
D= B18
Aulr, e
=2 (B19)
Amu,r,

APPENDIX C: ANALYTICAL MODEL III

Assuming now that ions are still produced radially at u,, the ions accelerate from u, at their birthplace r, to ; at the final location r. By the
conservation of mechanical energy, u; is given by

1 r? 1 r2
2 c 2 c
7muj(r) + anmb(rc)* = mu, + anmb(rc)*
2 r 2 Ty
that is
2q Eap(reo)re (1o 1
uj(r)=u,1\/1+q ““‘bi ) (———) (C1)
mu? Ty r
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The ion number density is then obtained from:

Vioni Q " 1

2,2
e JL L 20 Ewmnre (e re
mu? re r

The integral (C2) can be solved analytically. We define first two constants:

ninn(r) = drs (C2)

2 Eam (rc)rr
g = A2 lele (C3)
mu
Evion Qrc
C=-—— C4
4ulr? (C4)
& gives the global shape and the » dependence whereas C gives the amplitude. Two cases should be distinguished:
. rC
HE——-1>0
r
A = \/quamb(rc)rc Q 1
mu? r
C Vo — A? 1
Nion(r) = — |2 | arctan [ ——— | — arctan | —
2A3 A A
. o — A? . 1
+ sin | 2arctan [ ———— —sin | 2arctan [ —
A A
(C5)
. rC
i) é&——-1<0
r
B = \/] _ 2anmb§rc)rc ’;c
muz r
r) ¢ 2 tanh B tanh (B)
ionl") = 73 arctan ——— | — arctan
n 2B3 /5 i B2
B
+ sinh (2 arctanh (B)) — sinh (2 arctanh (7) )}
Vo + B?
(Co)

For comparison, other formula are available for a different ambipolar electric field profile. For E,,(r) = E,mp(rc)(rc/r), one can get Vigren
et al. (2015):

vionQ 1 r 1 1
Rion () = m {erf( 3 + log (Z)) erf(\/?)} exp <g> (CT

and for E,p(r) = Eamb(7.), one can get

VionQrc r
nion(r):W 1_";:(1—2)—1 (CS)

Other generic profiles can be derived with hypergeometric functions for different power laws E,n,ocr~7, beyond the scope of this work.
Once the density has been derived, it is straightforward to get the mean ion radial velocity. As the production term in the continuity equation is
the same as for the Haser model (Section 2, equation 4) as well as the symmetry, the flux is equal between both models so that the mean
velocity is

nion,H(r)
nion(r)

(Dion)(r) = Up. (C9)

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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