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ABSTRACT

Context. Due to its inclined orbit and the complex geometry of the magnetic field of Neptune, Triton experiences a highly variable
magnetic environment. As precipitation of magnetospheric electrons is thought to have a large impact on the Triton atmosphere, a
better understanding of the interaction between its atmosphere and the magnetosphere of Neptune is important.
Aims. We aim to couple a model of the Triton atmosphere with an electron transport model to compute the impact of a varying electron
precipitation on the atmospheric composition.
Methods. We coupled a recent photochemical model of the Triton atmosphere with the electron transport model TRANSPlanets. The
inputs of this code were determined from Voyager 2 observations and previous studies. The main inputs were the electron precipitation
flux, the orbital scaling factor, and the magnetic field strength. The electron-impact ionization and electron-impact dissociation rates
computed by TRANSPlanets were then used in the photochemical model. We also analyzed the model uncertainties.
Results. The coupling of the two models enabled us to find an electron density profile, as well as N2 and N number densities, that
are consistent with the Voyager 2 observations. We found that photoionization and electron-impact ionization are of the same order,
in contrast to the results of previous photochemical models. However, we emphasize that this result depends on the hypotheses we
used to determine the input variables of TRANSPlanets. Our model would greatly benefit from new measurements of the magnetic
environment of Triton, as well as of the electron fluxes in the Neptune magnetosphere.

Key words. astrochemistry – planets and satellites: atmospheres – planets and satellites: magnetic fields

1. Introduction

Since the flyby of Triton by Voyager 2 in 1989, we have known
that the Triton ionosphere is surprisingly more dense than that of
Titan. As Triton is three times farther from the Sun than Titan,
it is difficult to explain this density. Thus, an additional ioniza-
tion source seems to be required. This supplementary source was
quickly thought to be electrons precipitating from the Neptune
magnetosphere (Majeed et al. 1990; Strobel et al. 1990), as ener-
getic particles were observed by Voyager 2 in the Neptune mag-
netosphere (Krimigis et al. 1989). In addition, these precipitating
electrons could bring the additional energy needed to explain
the observed thermospheric temperatures (Stevens et al. 1992;
Krasnopolsky et al. 1993). This precipitation is considered in
the majority of Triton atmospheric models (Summers & Strobel
1991; Krasnopolsky et al. 1993; Krasnopolsky & Cruikshank
1995; Strobel & Summers 1995; Strobel & Zhu 2017; Benne et al.
2022; Krasnopolsky 2023), with the exception of Lyons et al.
(1992). The latter model did not consider electron precipitation,
but was able to reproduce the electron profile by using an unre-
alistically high reaction rate for the charge exchange between N+2
and C.

The magnetic environment of Triton is highly variable due to
the combination of its inclined orbit and the complex configura-
tion of the magnetic field of Neptune. As Voyager 2 only passed
through the Neptune magnetosphere once, we lack crucial data
to precisely describe this environment. Strobel et al. (1990) used
measurements performed by the Plasma Science System (PLS)
and by the Low-Energy Charged Particles (LECP) instruments
in the vincinity of Triton to determine the electron precipitation
flux and compute the electron-impact ionization profile and the
power deposited in the Triton atmosphere. To take into account
the variability of the environment along the Triton orbit, they
also used an orbital scaling factor of 0.25, which reduced the
total amount of power deposited in the atmosphere. Summers
& Strobel (1991) recommended shifting the ionization profile of
Strobel et al. (1990) upward by two scale heights (≈100 km) so
that the maximum electron production rate would correspond to
the electron density peak measured by Voyager 2. This modi-
fication was then used in the models of Stevens et al. (1992),
Krasnopolsky et al. (1993), Krasnopolsky & Cruikshank (1995),
Strobel & Summers (1995), and Benne et al. (2022). This shift
of the ionization profile is equivalent to considering that high-
energy electrons (E > 50 keV) do not precipitate in the Triton
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Table 1. Comparison between the different OTD models used to approximate the magnetic field of Neptune.

Model
Dipole moment

(T .R3
N)

xc
(RN)

yc
(RN)

zc
(RN)

Tilt angle
(◦)

Direction
(◦W)

OTD1(1) 1.33 × 10−5 0.17 0.46 –0.24 46.8 79.5
OTD2(2) 1.30 × 10−5 0.19 0.48 –0.19 45.2 76.5
OTD-O8(3) 1.42 × 10−5 0.05 0.48 0.00 46.9 72.0

Notes. (xc, yc, zc) are the coordinates of the center of the dipole, using the coordinate system defined by the Voyager Project Steering Group
(Connerney et al. 1991). This coordinate system differs from that of the International Astronomical Union (see for example Archinal et al. 2018).
The tilt angle corresponds to the inclination of the magnetic dipole axis with respect to the Neptune rotation axis, and the direction indicates toward
which longitude the dipole axis is inclined. The west longitude is defined as in Connerney et al. (1991).
References. (1) Ness et al. (1989) ; (2) Ness et al. (1995); (3) Connerney et al. (1991).

atmosphere (Stevens et al. 1992). However, this hypothesis was
questioned by Sittler & Hartle (1996), whose results suggest that
high-energy electrons are the most likely to precipitate in the Tri-
ton atmosphere. In their own model, Krasnopolsky et al. (1993)
considered the orbital scaling factor as a free parameter. They
chose to use a factor of 0.162 in their nominal model, with which
they multiplied the ionization profile from Strobel et al. (1990) to
fit the electron density observations from Voyager 2. Therefore,
ad hoc modifications were made in previous models of the Triton
atmosphere to model the electron precipitation and find electron
density profiles consistent with the Voyager 2 observations.

Benne et al. (2022) found that electron-impact ionization was
the main source of ionization in the Triton atmosphere, with
a ratio of the photoionization to electron-impact ionization of
3/8. However, their maximum electron density was 2.5–5 times
higher than the measured peaks presented in Tyler et al. (1989),
even when chemical uncertainties were considered. Thus, it
appeared necessary to model the precipitation of magnetospheric
electrons better in order to improve these results. This is the
aim of the present work: we couple the photochemical model of
Benne et al. (2022) with the electron transport model TRANS-
Planets. This model is derived from the family of the TRANS*
models that were used to compute electron transport in vari-
ous planetary atmospheres (Gronoff et al. 2009a). In this paper,
we adapt it to the Triton conditions. Its main input parameters
(electron precipitation flux, magnetic field strength, and orbital
scaling factor) are computed from a model of the Neptune-Triton
system and from previous studies (Strobel et al. 1990; Sittler &
Hartle 1996). TRANSPlanets then computes the electron-impact
ionization and dissociation rates that are used in the photo-
chemical model of the Triton atmosphere. We present how we
treated the highly variable magnetic environment of Triton in
order to determine the inputs of the electron transport model in
Sect. 2. We detail TRANSPlanets, its inputs, and how we cou-
pled it to our photochemical model in Sect. 3. We show the
secondary ionization profiles in Sect. 4 and our results, both
nominal and considering chemical uncertainties, in Sect. 5, and
we also discuss them. We present a sensitivity study of the elec-
tron temperature in Sect. 6 and finally give our conclusions in
Sect. 7.

2. Variable magnetic environment of Triton

The Neptune magnetic field is very complex, as it cannot be
represented at close distances without considering quadrupole
and octupole terms (Ness et al. 1989, 1995; Connerney et al.
1991). When it is approximated with a dipole (this approxima-
tion is valid from 4 to 15 Neptunian radii (RN) (Ness et al. 1995),

with RN = 24 765 km), its center is offset from the center of the
planet, and the dipole axis is not aligned with the rotation axis
of the planet. Thus, the simple models of the magnetic field of
Neptune are offset tilted dipole (OTD) models. The first model of
this type was presented in Ness et al. (1989) and is referred to as
OTD1 throughout this paper. An updated version of this model
was provided in Ness et al. (1995) and is referred to as OTD2 in
the following. Finally, Connerney et al. (1991) reported a more
complex model of the magnetic field of Neptune with quadrupole
and octupole moments. Because these terms are only predomi-
nant at close distances from Neptune, however, they also give a
dipolar approximation of their model for computations at larger
distances. We refer to this model as OTD-O8. The parameters of
the three models are given in Table 1, which is taken from Ness
et al. (1995).

The offset-tilted nature of this magnetic dipole, coupled to
the inclination of the Triton orbit and to the fast rotation of the
planet (16.1 h) in comparison to the orbital period of Triton (5.88
Earth days), causes the satellite distance to the center of the
dipole, as well as its magnetic latitude, to vary strongly. This
can be observed when computing the L-shell parameter of Tri-
ton. This parameter corresponds to the distance at which a given
field line of a dipolar field crosses the magnetic equator (Ness
et al. 1989). In our case, this corresponds to the L-shell of the
line going through the position of Triton. For a dipole field, this
parameter is obtained for the following formula:

L(λ, r) =
r

cos2 (λ)
, (1)

where r is the distance between Triton and the center of the
dipole in RN, and λ is the magnetic latitude.

To compute the different parameters needed to describe the
magnetic environment of Triton, we developed a Python code.
This code allows us to derive the position of Triton with respect
to Neptune and to the magnetic dipole, using the ephemeris from
the JPL Horizons System1. We found that λ ranges from roughly
–70◦ to +70◦, which causes L to vary from 14 to more than 100
for every OTD model (128 for the OTD1 and OTD-O8 models,
and 109 for the OTD2 model), as shown in panel a of Fig. 1.
As the inner magnetosphere of Neptune seems to be delimited
by the minimum L-shell of Triton (Mauk et al. 1995) and as the
electron number density is only assumed to be important near the
magnetic equator (Strobel et al. 1990), the electron precipitation
into the Triton atmosphere may vary strongly along its orbit.

In panel b of Fig. 1, Triton remains within the distance inter-
val in which the dipolar approximation is valid. Thus, knowing
the magnetic latitude of Triton, the magnetic moment of the
1 https://ssd.jpl.nasa.gov/horizons/app.html#/
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Fig. 1. Examples of the variation in some parameters used to describe the magnetic environment of Triton during one orbit around Neptune. These
results are obtained with the OTD-O8 model from Connerney et al. (1991), starting from August 21, 1989. (a) Variation in the L-shell parameter of
Triton. (b) Variation in the distance between Triton and the center of the dipole.

Fig. 2. Variation in the magnetic field at Triton. These results were obtained with the OTD-O8 model from Connerney et al. (1991). (a) Variation
in the magnetic field norm over one orbit around Neptune, starting from August 21, 1989. (b) Histogram of the value of the norm of the magnetic
field at Triton when the Triton L-shell is lower than 15.5. These results were computed over one period of variation in the magnetic field at Triton,
i.e., 35 days, from August 21, 1989.

dipole, and the distance between its center and the satellite, we
can compute the norm of the magnetic field as∥∥∥∥−→B∥∥∥∥ = M

r3 ×

√
1 + 3 sin2(λ), (2)

with M as the magnetic moment in T.R3
N (r is then expressed in

RN). When we use the same time period as in Fig. 1, we obtain
the magnetic field at Triton presented in panel a of Fig. 2, which
shows a factor of about two between extrema.

3. The TRANSPlanets model

TRANS is an electron transport model that was first developed
to model the effects of electron precipitation into the Earth atmo-
sphere (Lilensten 1989). It was then adapted to a variety of Solar
System bodies such as Venus (Gronoff et al. 2007, 2008), Mars
(Witasse et al. 2002, 2003; Simon et al. 2009; Nicholson et al.
2009), Jupiter (Menager 2011), or Titan (Lilensten et al. 2005a,b;
Gronoff et al. 2009a,b, 2011).

The TRANS model computes the production of ions and
electrons following the propagation of a flux of suprathermal
electrons in the atmosphere. This flux is composed of photoelec-
trons produced by the photoionization of atmospheric species by
solar extreme-UV (EUV) photons and of precipitating magneto-
spheric electrons. This primary ionization (i.e., photoionization)
is also computed in TRANS. The code can be used with pho-
toelectrons only, magnetospheric electrons only, or with both,
as in this work. Then, the code computes the secondary ion-
ization (ionization by the suprathermal electrons from primary
ionization and electron precipitation) and dissociation through
electron-impact reactions between this propagating flux and the
atmospheric species. We describe the flow of operations of the
code in Fig. 3. The secondary production rates of the ions and
electrons computed by TRANS are of interest in our case, as
they can be used in our photochemical model. We consequently
modified the original code used for Jupiter from Menager (2011)
into a generic Fortran 90 version, which we call TRANSPlanets.
This can be used for any planetary body and was adapted here to
Triton.
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Inputs from the photochemical model:
- Neutral species number density profiles

- Electron number density profiles
- Body’s physical characteristics

- Temperature profile

Electron inputs:
- Elastic cross sections

- Electron-impact ionization cross sections
- Electron-impact dissociation cross sections

- Precipitation flux
- Field line incidence angle
- Magnetic field strength

- Orbital scaling factor

Solar inputs:
- Photodissociation cross sections
- Photoionization cross sections

- Solar zenith angle
- Solar flux

Photolysis

Electron flux

Kinetic model

Electron production profile
Neutral species and ions 

production profiles

Photoelectrons

Primary production

Secondary production

ME

Fig. 3. TRANSPlanets model workflow. The inputs are shown in the
yellow boxes, the computational parts in the red boxes, the intermediate
variables in the blue box, and the final outputs in the green box. ME
stands for magnetospheric electrons.

In this section, we describe the fundamental equations used
in the code, the inputs we used for Triton, and how we cou-
pled it to our photochemical model. We point out that complete
descriptions of the fundamental equations used in TRANS and
TRANSPlanets have been presented by Lilensten (1989), Simon
(2006), Gronoff (2009), Menager (2011), and Benmahi (2022).

3.1. Fundamental equations

To compute the secondary ionization of the neutral species
following the propagation of a suprathermal electron flux,
TRANSPlanets solves the nonconservative Boltzmann equation,
which describes the variation in the electron distribution func-
tion f (−→r ,−→v , t) in the phase space (Stamnes & Rees 1983b;
Karamcheti & Sentman 1968),

∂ f
∂t
+ −→v ·

∂ f

∂−→r
+
∂

∂−→v

 f
−→
X

me

 = S , (3)

where −→r is the position of the electrons, and −→v is their speed at
time t.

−→
X represents the friction force between the suprathermal

electrons and the thermalized electrons that are already part of
the atmosphere, me is the electron mass, and S (−→r ,−→v , t) is the
source term describing the electron production. We express the
friction force as in Menager (2011),

−→
X = −neL(E)

−→v

v
, (4)

with

L(E) =
3.37 × 10−12

E0.94n0.03
e

(
E − Eth

E − 0.53Eth

)2.36

, (5)

where E is the energy of the suprathermal electron, ne is the
number density of the thermal electrons, and Eth is their energy.
All the energies are expressed in eV. L(E) is the friction func-
tion expressed in eV cm2 as given in Swartz et al. (1971) and
recommended by Stamnes & Rees (1983a).

Equation (3) can be expressed depending on the suprather-
mal electron flux Φ instead of on their distribution function by
making the following variable change:

Φ(−→r , E,−→u , t) =
v2

me
f (−→r ,−→v , t), (6)

with E the kinetic energy of the electrons and −→u their direction
of propagation, such that −→u =

−→v
v

, giving

1
v

∂Φ

∂t
+
−→v

v
·
∂Φ

∂−→r
− ne
∂ [L(E)Φ]
∂E

=
1
v

Ŝ (7)

with Ŝ (−→r , E,−→u , t) = v2

me
S (−→r ,−→v , t).

Considering steady state and a plane-parallel atmosphere, we
obtain the equation describing the propagation of a flux Φ of
suprathermal electrons along a magnetic field line projected on
the vertical axis,

µ
∂Φ(τ, µ, E)
∂τ(z, E)

= −Φ(τ, µ, E) +
ne(z)∑

k nk(z)σtot
k (E)

∂
[
L(E)Φ(τ, µ, E)

]
∂E

+D(z, µ, E) + P(z, µ, E),
(8)

where µ is the cosine of the pitch angle, τ is the collision depth,
which is similar to an optical depth in radiative transfer, z is the
altitude of the considered level, nk(z) is the number density of
species k at this level, and σtot

k (E) is the total electron-impact
cross section of species k at energy E. The collision depth is
computed as

τ(z, E) =
∫ zmax

z
dτ with dτ =

∑
k

nk(z)σtot
k (E)dz. (9)

The suprathermal electrons center of mass propagates along the
magnetic field line. The projection on the vertical axis is made by
simply dividing by the cosine of the magnetic dip angle. This is
incorrect for large angles (typically larger than 45◦) because the
cosine tends toward zero. Rigorously, the most accurate results
are obtained when the local magnetic field line coincides with
the vertical dimension.

The source term is decomposed into two terms P and D.
P is the electron production term, corresponding to the sum of
the electron production from photoionization and the precipita-
tion flux. D is the diffusion term, resulting from the diffusion
of suprathermal electrons to lower energies through collisions
with atmospheric species. The code is multistream, meaning that
µ is discretized on a certain number of angles chosen by the
user. This allows computing the different output fluxes on var-
ious angles and not just the downward and upward fluxes. In
our case, we chose to run our calculations over 16 angles over
360◦ because this discretization provided the best compromise
in terms of accuracy and computational time.

3.2. TRANSPlanets inputs

As shown in Eq. (8), TRANSPlanets needs some additional data
to solve the Boltzmann equation. It needs the electron-impact
ionization and dissociation cross sections for the considered
atmospheric species, an input flux, an energy range, an energy
grid, an altitude grid, the number density profiles of the con-
sidered species and of the thermal electrons, the temperature
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profiles for these species, and a solar flux with the associated
photolysis cross sections. In the following sections, we first
describe the inputs that are not related to the photochemical
model. These inputs are detailed in Sect. 3.4.

3.2.1. Electron-impact cross sections and energy grid

In our model, the electron-impact cross sections come from
different sources, depending on the species. The elastic and
inelastic (electron-impact ionization and dissociation) cross sec-
tions of N2 were taken from the Atomic and Molecular Cross
section for Ionization and Aurora Database (AtMoCiad; Gronoff
et al. 2021). Those of CO were taken from Itikawa (2015). For
C, we took the elastic cross sections from the NIST database,
while the electron-impact ionization cross section was taken
from Jonauskas (2018) and the electron-impact excitation cross
sections from Suno & Kato (2006). For the N(4S) and N(2D)
cross sections, we used inelastic cross sections from Jonauskas
(2022) and Kato (1994). The elastic cross sections below 50 eV
were taken from Wang et al. (2014), and they were completed
above this energy with data from the NIST database. As the
maximum energy used in the elastic cross section of N2 in
the AtMoCiad database is 105 eV, we used this energy as the
upper limit of our energy range. The lower boundary was set
to 1 eV to take into account rotational and vibrational excita-
tion of N2. The energy grid consisted of 600 points spaced
logarithmically between these two energies, such that E(i) =
exp

[
E(i − 1) + ln(Emax)−ln(Emin)

600

]
.

3.2.2. Variable parameters

The L-shell of Triton varies strongly with time, as shown in
Fig. 1. Krimigis et al. (1989) have shown that the electron flux
decreases strongly outside of the minimum L-shell of Triton, this
value presumably defining the limit of the inner magnetosphere
of Neptune (Mauk et al. 1995). This led Strobel et al. (1990) to
consider that Triton experiences constant electron precipitation
if L(Triton) < 15.5, with no precipitation for higher L values.
With this assumption, they computed an average precipitation
flux of 25% of the flux at the minimum L-shell of Triton. Thus,
their orbital scaling factor was morb = 0.25.

In their model, Krasnopolsky et al. (1993) considered morb as
a free parameter. Their best value to match the electron density
profiles from Voyager 2 was morb = 0.162. This value was used
in their nominal model and then in Krasnopolsky & Cruikshank
(1995).

With our modeling of the Neptune-Triton system, we are able
to compute the value of the Triton L-shell at any moment. We
could then have used a relation between the value of L and the
magnetospheric electron flux, but no such relation exists due to
the scarcity of the Voyager 2 electron flux measurements. Thus,
we decided to keep the criterion used in Strobel et al. (1990) and
considered that electron precipitation only occurs when the L-
shell of Triton is lower than 15.5. Therefore, the orbital scaling
factor corresponds to the ratio of the time when L is lower than
15.5 to the time interval considered. We consistently find for all
three magnetospheric models presented in Table 1 that L < 15.5
for 27–28.5% of the time. Therefore, we used morb = 0.27.

The value of the magnetic field strength B at Triton varies
significantly with time, as shown in panel a of Fig. 2. When
we plot the histogram of the value of

∥∥∥∥−→B∥∥∥∥ when L < 15.5, we
obtain panel b of Fig. 2 (with the OTD-O8 model). The mean
value of the magnetic field norm is (5.07±0.35) nT. This value

is consistent with Fig. 3 of Ness et al. (1989) and with the value
found with Eq. (2) using the values of r and λ from Fig. 7 of
Mauk et al. (1995). This value is lower than the value used in
Strobel et al. (1990) and Sittler & Hartle (1996), which is 8 nT.
This difference impacts the power deposited in the atmosphere
by curvature drift, as shown in Sect. 3.2.3. When we assume that
the electrons deposit their energy by curvature drift (as in Strobel
et al. 1990), using 5 nT instead of 8 nT leads to a higher deposited
energy (see Eqs. (13) and (14) in Sect. 3.2.3). In our model, we
used B = 5 nT.

3.2.3. The electron precipitation flux

In this section, we determine the electron precipitation flux, that
is, the flux that reaches the atmosphere of Triton and therefore
interacts with atmospheric species. This flux is different from the
electron flux that was measured in the Neptune magnetosphere
with the LECP instrument of Voyager 2 (Krimigis et al. 1989)
(called magnetospheric flux in the following). The main prob-
lem here is that the transition from the magnetospheric flux to
the precipitation flux is unknown. The total energy carried by
the magnetospheric electrons with an energy higher than 20 keV
in the Neptune magnetosphere is 0.42 erg cm−2 s−1 (Krimigis
et al. 1989; Sittler & Hartle 1996). This flux is more than 250
times higher than the flux needed to explain the Triton thermo-
spheric temperature, which is 1.6× 10−3 erg cm−2 s−1 (Broadfoot
et al. 1989). Moreover, the magnetospheric flux was measured at
12 RN from Neptune (Krimigis et al. 1989), which is not in the
direct vicinity of Triton.

In our work, we determined the electron precipitation flux
reaching the Triton atmosphere from the work of Strobel et al.
(1990) and Sittler & Hartle (1996). We recall, however, that the
steps we took to compute the precipitation flux from the mag-
netospheric flux may not result in a flux that is representative
of the real precipitation flux at Triton. Only an orbiter measur-
ing the magnetic environment of Triton over many orbits can
reveal the precipitation flux at Triton. Here, we tried to determine
the flux based on the few observations we have, physics-based
considerations, and following what was assumed in previous
studies.

The magnetospheric flux was taken from Strobel et al.
(1990), based on LECP and PLS measurements from Voy-
ager 2 near the Triton flyby. It corresponds to a flux j(E) (in
cm−2 s−1 sr−1 keV−1) of

j(E) = 2.104 ×

( E
28 keV

)−2.7

for E ≥ 28 keV (10)

j(E) = 2.104 ×

( E
28 keV

)−0.7

for E < 28 keV, (11)

where E is the energy of the electrons in keV.
According to Sittler & Hartle (1996), not all the electrons

contained in the magnetospheric flux reach the Triton atmo-
sphere. Their results show that the higher the electron energy, the
more likely the precipitation. As stated in their article, this con-
tradicts Summers & Strobel (1991) (and therefore Krasnopolsky
et al. 1993; Krasnopolsky & Cruikshank 1995; Strobel &
Summers 1995; Benne et al. 2022), who inferred from the shift
in the ionization profile of Strobel et al. (1990) toward higher alti-
tudes that the precipitation of high-energy electrons is inhibited.
More precisely, Sittler & Hartle (1996) computed that fewer than
3% of the electrons with energies lower than 5 keV precipitate,
fewer than 15% of electrons with energies between 5 and 50 keV,
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Fig. 4. Comparison of the magnetospheric electron flux j(E) from
Strobel et al. (1990) (dotted blue line), derived from Voyager 2 obser-
vations, and the modified flux j∗(E) (dash-dotted red line), computed
following the recommendations of Sittler & Hartle (1996). The flux
j∗(E) is computed from the flux j(E) multiplied by a precipitation prob-
ability p(E).

and half of the higher-energy electrons. Therefore, we modified
the magnetospheric flux j(E) from Strobel et al. (1990) to
account for these probabilities. We thus computed a flux j∗(E),
such that

j∗(E) = j(E) × p(E), (12)

where p(E) is the precipitation probability. We considered that
3 and 15% of the electrons with energies of 5 and 50 keV
precipitate, respectively, and 50% of the electrons with the high-
est energy considered in TRANSPlanets, that is, 100 keV. To
compute the precipitation probability p(E) for the electrons with
intermediate energies, we fit a second-order polynomial using
these three values. The j(E) and j∗(E) fluxes are plotted in Fig. 4.

Knowing j∗, we can estimate the power that is deposited
by the electrons in the Triton atmosphere. Strobel et al. (1990)
claimed that the power is deposited by curvature drift. In this
case, the deposited power PCD(E) is computed with formulas
(13) and (14), taken from Strobel et al. (1990),

PCD(E) = j∗(E) × π × Ri × δ(E), (13)

where Ri is the radius of the ionopause, and δ is the inward drift
per pass through the ionosphere, such as

δ =
cmev//π

eB
, (14)

with c the speed of light, me the electron mass, v// the electron
speed parallel to the magnetic field, B the strength of this field,
and e the elementary charge.

Sittler & Hartle (1996) defined the radius of the ionopause as
1
σn ≈ Ri, with σ the ion-neutral cross section, and n the neutral
number density. In our case, this gives Ri ≈ 2300 km, which
nearly corresponds to their value of ≈ 2350 km, while Strobel
et al. (1990) took ≈ 2000 km.

Using the flux j in Eq. (13), considering B = 8 nT in Eq. (14),
and using the flux between Emin = 200 eV and Emax = 105 eV,
we find P(E) = 8 × 108 W. This power can be compared to the
total power carried by the electron flux, Eflux, which is computed

Fig. 5. Comparison of the electron flux j∗(E) (dash-dotted red line)
derived from the flux j(E) from Strobel et al. (1990) and Eq. (12)
following the results of Sittler & Hartle (1996), and the renormalized
flux j∗CD(E) (solid orange line). This flux is computed from j∗(E) with
Eq. (16), so that the electrons deposit the correct amount of power in the
Triton atmosphere, with the hypothesis that this power is deposited by
curvature drift.

as

Pflux = 4πR2
i × 1.602176634 × 10−19 ×

∫ Emax

Emin

j(E)EdE [W].

(15)

With Emin = 200 eV and Emax = 105 eV, we find Pflux =
3, 4.1010 W. Therefore, the power deposited by curvature drift is
lower than the total power carried by the electron flux j(E).

The same can be found for j∗: the total power carried by
the electrons is 3.8×109 W, whereas the power that should be
deposited by curvature drift is only 1.8×108 W (using B = 5 nT,
as computed in Sect. 2). Thus, to deposit the correct amount of
power in the atmosphere, that is, to mimic a power deposition
by curvature drift, we chose to renormalize the precipitation flux
using Eq. (16),

j∗CD(E) = j(E) × p(E) ×
PCD(E)
Pflux(E)

. (16)

The flux j∗CD(E) is compared to the flux j∗(E) in
Fig. 5. Ultimately, the power carried by the flux j∗CD is
2.7×10−3 erg cm−2 s−1, which is more consistent with the value
of 1.6×10−3 erg cm−2 s−1 computed by Broadfoot et al. (1989) to
explain the thermospheric temperature.

We clarify that we performed a test using the nonrenorma-
lized flux j∗ in TRANSPlanets. In this case, all the power carried
by the flux was classically deposited in the atmosphere, and
therefore 3.8×109 W were deposited instead of 1.8×108 W. This
resulted in high electron-impact ionization rates (see Fig. A.1),
electron densities, and N number densities. These densities are
inconsistent with Voyager 2 observations, as shown in Fig. A.2.
This demonstrates the need to renormalize the precipitation flux
so that the deposited power matches the deposit by curvature
drift.

Finally, we took the orbital scaling factor into account.
Strobel et al. (1990) multiplied the power deposited by curvature
drift by morb to allow for the intermittence of the precipitation.
Strobel et al. (1990) did not indicate whether the orbital scal-
ing factor needed to be applied to the ionization profile, but this
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was done by Krasnopolsky & Cruikshank (1995). In their model,
they multiplied the ionization profile computed by Strobel et al.
(1990) by their adjusted orbital scaling factor of 0.162 to take
into account the variability of the electron precipitation over one
orbit. In a similar way, we chose to multiply j∗CD by morb in our
model. We used morb = 0.27, as computed in Sect. 3.2.2, with
our model of the Neptune-Triton system.

3.3. Caveats

Some assumptions and simplifications in our work have a signif-
icant impact on the results. They are listed below.

– The magnetic field line is considered to be vertical. As
mentioned in Sect. 3.1, this configuration is the most accurate
when considering the projection of the axis parallel to the mag-
netic field line on the vertical axis. However, other configurations
with inclined lines would be easily and accurately solved as
well. Moreover, this allows modeling mean conditions, as was
done for Titan in Dobrijevic et al. (2016). However, as consid-
ered in Strobel et al. (1990) and Sittler & Hartle (1996), the
magnetic field lines are likely to drape themselves around the
Triton atmosphere. Inclined lines change the thickness of the
atmosphere that is crossed by the electrons, thus modifying the
altitude at which they deposit their energy. Here, we lack knowl-
edge of the magnetic environment of Triton. A systematic study
of any field configuration is therefore meaningless, and we have
to reduce our approach, keeping in mind that this is a severe
limitation.

– As shown in the previous section, we used a magneto-
spheric electron flux that was measured at some distance from
Triton to compute the precipitation flux used in TRANSPlan-
ets. We also renormalized this flux to deposit the correct amount
of power, considering that this power is deposited by curva-
ture drift. Therefore, our input flux is dependent on the initial
measurements, and we have no guarantees that this flux is rep-
resentative of the real precipitation flux at the top of the Triton
atmosphere. Until new in situ measurements of both the magne-
tospheric and ionospheric electron fluxes are made, however, we
are limited by this assumption in our model. This can only be
achieved with an orbiter performing several flybys of Triton for
different magnetospheric configurations, and/or a probe/lander
sent into the Triton atmosphere.

– We limited our calculations to 100 keV, despite the mea-
surements of higher-energy electrons in the Neptune magneto-
sphere and the results of Sittler & Hartle (1996) showing that
higher-energy electrons are more likely to precipitate in the
Triton atmosphere. We made this choice because TRANSPlan-
ets solves the nonrelativistic Boltzmann equation and because
our electron-impact cross sections for N2 are only known until
100 keV. There is currently no globally accepted way of taking
into account relativistic electrons in electron transport models.
Some solutions are to use the relativistic Boltzmann equation or
relativistic cross sections. In this work, we chose to stay at rela-
tively low energies to avoid modeling problems that are related
to relativistic effects.

– Liuzzo et al. (2021) modeled the interaction of Triton
with the Neptune magnetosphere and predicted it to be complex.
According to this model, the incident electron flux impacting the
Triton ionosphere may strongly vary spatially and temporally.
This variability is not taken into account in our model, as we
chose to develop our approach based on Voyager 2 data, as was
done in other photochemical models of the Triton atmosphere
(Strobel et al. 1990; Strobel & Summers 1995; Krasnopolsky &
Cruikshank 1995; Benne et al. 2022; Krasnopolsky 2023).

3.4. Coupling TRANSPlanets with the photochemical model

The remainder of the TRANSPlanets inputs were provided by
our photochemical model, such as the atmospheric number den-
sity profiles of the neutral species and the thermal electrons.
The altitude grid of the photochemical model was also used in
TRANSPlanets. This grid was sampled with H/5 steps, where H
is the atmospheric scale height, giving 96 altitude levels between
the surface and the top of the atmosphere (i.e., 1026 km). We
chose to consider five species in TRANSPlanets, namely N2,
N(4S), N(2D), C, and CO, as this allowed us to consider the
three most abundant species in most of the atmosphere. The tem-
perature profile for the neutral species was the same as in the
photochemical model and was taken from the Triton-3 model of
Strobel & Zhu (2017). As in Benne et al. (2022), the electron
temperature was taken to be equal to the neutral temperature.
We adopted this hypothesis as no measurements of this physi-
cal parameter were made during the Voyager flyby. The electron
temperature is likely to be higher than the neutral tempera-
ture, however, at least in the upper atmosphere. Using pressure
balance arguments, Sittler & Hartle (1996) computed that the
electron temperature at the ionopause should be between 308
and 1230 K, depending on the hypotheses used. This is signifi-
cantly higher than the neutral temperature in the thermosphere
in our model, which is 92 K. We ran some simulations with
higher electron temperatures up to 1230 K (see Sect. 6). They
produced a higher electron density because a higher electron
temperature lowers the radiative and dissociative recombination
rates. Therefore, to maintain a nominal electron profile consistent
with Voyager 2 measurements, we would need to add another
loss process for ions such as, for example, ion escape, as used in
Krasnopolsky & Cruikshank (1995) and Krasnopolsky (2023).
However, we show in Sect. 6 that the use of an electron temper-
ature between 300 and 1230 K leads to electron density profiles
that are not significantly different from those presented in Tyler
et al. (1989) when we consider the chemical uncertainties and
that the Tyler et al. profiles were given without any uncertainty.
Thus, we chose to keep the electron temperature equal to the
neutral temperature in our main model.

TRANSPlanets was used to compute the secondary ioniza-
tion and dissociation of atmospheric species by a suprathermal
electron flux. This flux consists of both precipitating electrons
and photoelectrons. Therefore, the photoionization rates of the
atmospheric species by EUV photons need to be computed
first because they give the photoelectron flux as a function
of energy. These photoionization rates were already computed
by the photochemical model, with a high-resolution solar flux
and high-resolution cross sections for N2 and CO photolysis.
However, these calculations only give the electron and ion pro-
duction rates, thus losing all the information about the energy of
the photoelectrons. In order to keep the energy dependence of
the photoelectron flux, we calculated the photoionization rates
within TRANSPlanets, adopting the solar flux and cross sections
of the photochemical model.

We used the same solar flux in both codes, corresponding
to maximum solar activity, as was the case at the time of the
Voyager flyby. The flux had a resolution of 1 nm between 1 and
730 nm and was taken from Thuillier et al. (2004). Of the five
species considered in TRANSPlanets, the photochemical model
currently only considers the photoionization of N2, N(4S), and
CO. Therefore, TRANSPlanets only computes the primary ion-
ization of these three species and the photodissociations of N2
and CO. The maximum wavelength absorbed by at least one
of these species being 163 nm, we consequently restrained the
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Table 2. Electron-impact ionization and electron-impact dissociation
reactions considered in the photochemical model and in TRANSPlanets.

N2 + e− −→ N+2 + 2e−

N2 + e− −→ N+ + N(2D) + 2e−

N2 + e− −→ N(4S) + N(2D) + e−

N(4S) + e− −→ N+ + 2e−

N(2D) + e− −→ N+ + 2e−
C + e− −→ C+ + 2e−
CO + e− −→ CO+ + 2e−

CO + e− −→ C + O(3P) + e−

calculations of TRANSPlanets to the 1–163 nm interval. We also
used the solar optical depths computed by the photochemical
model in TRANSPlanets and a solar zenith angle of 50◦ in both
codes, corresponding to mean global conditions at equinox2.

Finally, to be consistent between the photochemical model
and TRANSPlanets, we considered the same electron-impact
ionization and electron-impact dissociation reactions in both
codes. These reactions are given in Table 2. The chemical
scheme we used is that of Benne et al. (2022), to which we added
the last five reactions of Table 2, as well as the reactions (N(4S);
N(2D)) + H2CN −→ (NH + HCN; 3CH2 + N2), whose rates were
taken from Hébrard et al. (2012) with updated calculations.

Our workflow was the following: We first ran the photochem-
ical model without the electron-impact dissociation and electron-
impact ionization reactions. Then, the N2, N(4S), N(2D), C,
CO and electron number density profiles, the neutral and elec-
tron temperature profiles, and the solar optical depths were used
as inputs for TRANSPlanets. Then, TRANSPlanets computed
the electron-impact ionization and electron-impact dissociation
rates, which we subsequently used back in the photochemical
model to calculate the atmospheric composition. We iterated this
process until steady state was reached, that is, until the vari-
ations in the mole fractions between two successive iterations
were small compared to the chemical uncertainties. This corre-
sponded to three iterations. The method of the coupling of the
two codes is presented in Fig. 6.

3.5. Global mean conditions

We used our photochemical model to compute the steady-state
composition of the Triton atmosphere. It thus ran over a long
time interval, forcing us to consider global mean conditions.
To verify whether global mean conditions were appropriate,
we checked that the main ions of the Triton atmosphere had
sufficiently long lifetimes to maintain an ionosphere between
precipitation events. Based on previous modeling results
(Majeed et al. 1990; Strobel et al. 1990; Strobel & Summers
1995; Krasnopolsky & Cruikshank 1995; Benne et al. 2022;
Krasnopolsky 2023), the ionosphere may be mainly composed
of atomic ions with slow recombination rates. We find that
the lifetime of the main ion, C+, varies between 4.8×106 s and
7.5×107 s in the ionosphere. The one of N+ ranges between
3.9 s at 204 km and 5.6×105 s at 1026 km, while the lifetime
of H+ lies between 3.1×106 s and 5.3×107 s. With our model
of the Neptune-Triton system, we computed the time interval
between precipitation events (see Fig. 7). The mean value

2 Using this solar zenith angle does not produce significant differ-
ences from the case using a classic solar zenith angle of 60◦, as the
uncertainties on our results are large.

Photochemical model 
without electro-

ionization and electro-
dissociation

TRANSPlanets

Electron impact-
ionization/dissociation 

rates

Photochemical model 
with electro-

dissociation and 
electro-ionization

Number density profilesCross sections

Renormalized 
electron flux

Variable parameters 
(𝑅! , 𝐵 , 𝑚"#$)

Steady state 
results

Temperature profiles
Optical depths

Fig. 6. Method used to couple our photochemical model of the Triton
atmosphere and the electron transport code TRANSPlanets. Ri is the
ionosphere radius,

∥∥∥∥−→B∥∥∥∥ is the strength of the magnetic field at Triton,
and morb is the orbital scaling factor.

Fig. 7. Histogram of the time interval between precipitation events com-
puted with our model of the Neptune-Triton system. These values are
computed over one period of variation in the magnetic field at Triton,
i.e., 35 days, from August 21, 1989.

is 5.2 h (1.9×104 s), and the time interval that occurs most
frequently is 7.2 h (2.6×104 s). This value is consistent with the
time interval between each Neptune magnetic equator crossing
by Triton given in Strobel & Summers (1995) and Krasnopolsky
& Cruikshank (1995), which is 7 h.

Therefore, the lifetimes of C+ and H+ are significantly longer
that the time interval between precipitation events. The lifetime
of N+ is longer than 5.2 h above 660 km and longer than 7.2 h
above 676 km. As a consequence, we find it unlikely that the
abundances of these ions are significantly affected by the short-
term variability in the magnetosphere. Global mean conditions
for the photochemical model are thus valid.

After the steady-state composition of the atmosphere was
determined, our model could compute the atmospheric com-
position under the specific conditions of the Voyager 2 flyby.
However, we lack several critical inputs to do this, such as the
electron precipitation flux and the magnetic field at Triton.
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Fig. 8. Secondary electron production profiles from Strobel et al. (1990)
(dotted black line), Benne et al. (2022) (dash-dotted red line), and from
this work (solid orange line).

4. Secondary ionization profiles

In this section, we present the secondary electron production
profile computed with TRANSPlanets. To do this, we used
the flux j∗CD(E) presented in Fig. 5, an orbital scaling factor
morb = 0.27, and a magnetic field B = 5 nT. As done for Titan in
Dobrijevic et al. (2016), we considered a vertical precipitation,
even though magnetic field lines are expected to drape them-
selves around Triton (Strobel et al. 1990; Sittler & Hartle 1996)
(see Sect. 3.3). We emphasize that the following results were
obtained considering secondary ionization and dissociation from
both photoelectrons and magnetospheric electrons, which is not
the case for the results presented in Strobel et al. (1990), where
only the secondary ionization by magnetospheric electrons was
considered.

The secondary electron production profile obtained with our
model is compared to those from Benne et al. (2022) and Strobel
et al. (1990) in Fig. 8.

Figure 8 shows that we obtain a profile with two peaks.
The first peak, around 400 km, results from the ionization by
photoelectrons. The second peak, at 71 km, is due to electron-
impact ionization by magnetospheric electrons. The maximum
production rate of secondary electrons is 1.82 cm−3 s−1.

In addition to this profile, TRANSPlanets allowed us to
obtain the reaction rates for every reaction of electron-impact
ionization and electron-impact dissociation separately. This is
the main difference between this work and the model of Benne
et al. (2022). In the latter work, the electron-impact ionization
and electron-impact dissociation rates were computed from the
ionization profile shown in Fig. 8 (dash-dotted red curve) and
constant branching ratios from Fox & Victor (1988):

0.8 for the reaction N2 + e− −→ N+2 + 2e−,
0.2 for N2 + e− −→ N+ + N(2D) + 2e−

0.6 for N2 + e− −→ N(4S) + N(2D) + e−.

Using TRANSPlanets, we did not need to use branching ratios
because the reaction rates were computed independently for each
reaction. Therefore, these profiles, one per reaction presented in
Table 2, were used in the photochemical model. They are pre-
sented in Fig. 9. We describe the results from the photochemical
model using these rates in the next section.

5. Results and discussion

In the sections that follow, we compare some of the results from
this work to results from a model that did not use TRANSPlanets,
similar to Benne et al. (2022). This model is a slightly modi-
fied version of the model from Benne et al. (2022), in which we
improved the way in which the interstellar medium flux is taken
into account. This slightly modifies the nominal results presented
in Benne et al. (2022), but the changes remain small compared to
the chemical uncertainties. Moreover, the key chemical reactions
and the main chemical pathways remain the same. Thus, we refer
to this model as Benne et al. (2022). We recall that in this model,
the electron-impact dissociation and electron-impact ionization
rates were not computed with TRANSPlanets, but derived from
the profile of Strobel et al. (1990), as described in Sect. 4.

As in Benne et al. (2022), we performed an evaluation of the
uncertainties on the model results that are caused by the uncer-
tainties in the chemical reaction rates. The method used here is
the same as was presented in Benne et al. (2022). The Monte
Carlo procedure was applied using 250 sets of the chemical
reaction rates.

5.1. Ionization sources

The main result from this work is a significant decrease in the
electron density in most of the atmosphere compared to Benne
et al. (2022), as shown in panel a of Fig. 10, resulting from a
decrease of 66% in the electron-impact ionization rate, as listed
in Table B.1. For the nominal version of the model, ionization
through photoionization is slightly more important than electron-
impact ionization, with a ratio of 6/5. This is in contrast to the
results of Benne et al. (2022), where this ratio was 3/8, similar
to 1/2 found in Krasnopolsky & Cruikshank (1995), even though
we should underline that it is now close to unity. To confirm this
result, we computed the photoionization to electron-impact ion-
ization ratio for the 250 runs of the Monte Carlo procedure. The
histogram of the ratios is given in panel b of Fig. 10. We observe
that electron-impact ionization is the main ionization source in
the Triton atmosphere in only 16% of the 250 runs of the Monte
Carlo procedure, and the mean value of the photoionization to
electron-impact ionization ratio is close to the nominal value of
6/5. This indicates that photoionization is slightly more efficient
than electron-impact ionization in the Triton atmosphere. This
result depends on the magnitude of the precipitation flux, how-
ever, and thus on the hypotheses we made to compute j∗CD(E).
This point is discussed in Sect. 5.5.

5.2. Electron density

With our model, the significant decrease in the electron-impact
ionization rate results in a nominal electron peak density of
3.9×104 cm−3 at 367 km, which agrees well with the Voyager 2
observations of a peak of (3.5±1.0)×104 cm−3 at (340–350) km
(Tyler et al. 1989; Krasnopolsky & Cruikshank 1995). There-
fore, the electron peak from this work is significantly smaller
than that from Benne et al. (2022), where the peak electron den-
sity was 9.8×104 cm−3 at 345 km. Our results also agree better
with the Voyager 2 observations than the results from Strobel &
Summers (1995) and Krasnopolsky & Cruikshank (1995), who
find their peaks at 275 and 320 km, with peak number densities
of 3.4×104 and 3.5×104 cm−3, respectively.

The electron density profile is strongly influenced by the
reaction rate of the charge-exchange reaction between N+2 and
C. This reaction is crucial for C+ because it contributes 81% of
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Fig. 9. Electron-impact ionisation and electron-impact dissociation rates computed with TRANSPlanets using the precipitation flux j∗CD multiplied
by an orbital scaling factor of 0.27. (a) Reactions involving N2, N(4S), and N(2D). (b) Reactions involving C and CO.

Fig. 10. Results from this work about the electron density and ionization processes. (a) Nominal electron density profiles from Benne et al.
(2022) (dash-dotted green line, using the electron production profile presented in Fig. 8 and not TRANSPlanets) and from this work (red, using
TRANSPlanets to compute the electron-impact ionization and electron-impact dissociation rates). The red triangles and blue circles give the
electron density profiles measured by Voyager 2 at the winter and summer occultation points, respectively (data from Tyler et al. 1989). The gray
profiles are the 250 electron profiles obtained from this work with the Monte Carlo procedure. (b) Histogram of the ratio of photoionization to
electron-impact ionization obtained from the 250 runs of the Monte Carlo procedure.

its integrated production. Since the main ion in our model is C+,
this reaction also impacts the electron density. The nominal rate
constant of this reaction is 10−10 cm3 s−1, taken from the KIDA
database (Wakelam et al. 2012). The uncertainty factor for this
reaction is F(300 K) = 3. The rate of this reaction is thus signif-
icantly lower than the rate used in Lyons et al. (1992), who took
10−9 cm3 s−1, and explained the electron profiles with photoion-
ization alone. This reaction is also a key uncertainty reaction,
which means that it significantly affects the uncertainties on the
model results. It is thus necessary to measure this reaction rate at
temperatures representative of the Triton atmospheric conditions
to improve Triton photochemical models.

The results obtained with the Monte Carlo simulation are
also consistent with the observations, as shown in panel a of
Fig. 10. The electron density at 367 km, the altitude of the nom-
inal peak, is 4.2×104 cm−3, with an uncertainty factor of 1.53.
The altitude of the peak is (372±8) km at 1σ, which is slightly

above the (340–350) km measured by Voyager 2 (Tyler et al.
1989). However, we note that the altitude of the electron peak
depends on the inclination of the magnetic field line because it
affects the atmospheric layers in which the electron-impact ion-
ization and dissociation reactions take place. Thus, the altitude
of the peak might change for a more inclined magnetic field line.
For now, as shown in Fig. 8, the secondary electron production
from electron-impact ionization by the precipitating electrons is
maximum at 71 km. A more inclined line should bring this peak
to a higher altitude, which would shift the electron peak num-
ber density, possibly toward lower altitudes. We also note that in
the end, the difference in the altitude of the electron peak may
not be that significant because the data presented in Tyler et al.
(1989) were given without any uncertainty. Voyager 2 RSS data
was reanalyzed with modern tools by Togni et al. (2023), who
found that the electron peak may be located at higher altitudes
than previously presented by Tyler et al. (1989).
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Fig. 11. Nominal simulated mole fraction profiles of the main species of the Triton atmosphere. (a, b) Main neutral species. (c) Main hydrocarbons
and HCN. (d) Main ions. The bars on the N2 and N(4S) profiles are the measurements from the UVS instrument of Voyager 2 (Broadfoot et al.
1989; Krasnopolsky et al. 1993).

5.3. Results on the neutral atmosphere

The nominal mole fraction profiles of the main species of the Tri-
ton atmosphere are given in Fig. 11. We obtain nominal N2 and N
number densities consistent with Voyager Ultraviolet Spectrom-
eter (UVS) observations (Broadfoot et al. 1989; Krasnopolsky
et al. 1993), as shown in panels a and b of Fig. 11. We find
a N2 number density of 4.11×108 cm−3 at 575 km (with an
uncertainty factor of 1.0), in agreement with (4±0.4)×108 cm−3

from the observations. For atomic nitrogen, we can compare
our results to measurements at 400 and 200 km, as given in
Krasnopolsky et al. (1993); Krasnopolsky & Cruikshank (1995).
We note that for this species, we computed the uncertainty
factor over the mole fraction of N(4S) at the corresponding lev-
els, as its abundance is more than two orders of magnitude
higher than that of N(2D) at 400 km and six orders of magni-
tude higher at 200 km. At 400 km, we find a nominal number
density of 8.38×107 cm−3. Considering chemical uncertainties,
we have a mean value of 6.42×107 cm−3 with an uncertainty
factor of 1.31. Thus, these values are consistent with the mea-
surements of (1±0.25)×108 cm−3 at this level. In the 196–204 km
range, we have nominal values of 7.65–6.93×108 cm−3 and
mean values of 6.33–5.70×108 cm−3 considering the chemical

uncertainties, with uncertainty factors of 1.37 and 1.36, respec-
tively, in agreement with (5±2.5)×108 cm−3 at 200 km measured
from UVS.

An important outcome of this work is that we find nominal
results consistent with the observations of Voyager 2 for the elec-
tron density profiles and the N2 and N number densities, without
having to apply ad hoc modifications to the electron-impact ion-
ization profile (e.g., a shift toward higher altitudes), as was done
in previous work (Summers & Strobel 1991; Krasnopolsky &
Cruikshank 1995; Strobel & Summers 1995; Benne et al. 2022).
In the latter article, the electron-impact ionization was computed
using the ionization profile computed by Strobel et al. (1990).
This profile was shifted by 100 km to higher altitudes and multi-
plied by an orbital scaling factor, to take the intermittence of the
precipitation into account. This orbital scaling factor was taken
from Krasnopolsky et al. (1993), who considered this factor as a
free parameter of their model to be able to fit the observed elec-
tron density. In this work, we derived the orbital scaling factor
from the modeling of the Neptune-Triton system by considering
that this factor is the ratio of the time when Triton is near the
magnetic equator (and therefore, where the precipitation occurs)
over the total time considered. Therefore, this approach is only
based on physical considerations.
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5.4. Model result uncertainties and main chemical pathways

The study of the uncertainties on the model results shows us
that despite the changes made in the modeling of the electron-
impact ionization and dissociation reactions, the uncertainty
factors remain large for the main species at the altitude where
their uncertainty is maximum, even though we note some vari-
ations in comparison to Benne et al. (2022). This is shown in
Table B.2, which gives the uncertainty factors F for all the main
species of the Triton atmosphere at the level where the uncer-
tainty on their mole fraction is maximum. We recall that the
uncertainty factor F was used to find the 1σ interval around
the mean mole fraction of a species, ȳi, such that this interval
is

[
ȳi
F , ȳi × F

]
(ȳi is not necessarily equal to the nominal value

of the mole fraction at the same altitude level). Finding large
uncertainty factors is logical because the electron-impact ioniza-
tion and dissociation of N2 were only a small part of the key
uncertainty reactions identified by Benne et al. (2022), and we
used the same reaction rates for the other reactions. This con-
firms the need for new measurements at low temperatures for the
key uncertainty reactions, as presented in Benne et al. (2022).

The main chemical pathways mostly remain the same
between Benne et al. (2022) and this work. We only observe
some modifications of the contribution of the key chemical
reactions to the chemical production and loss of the main atmo-
spheric species (key chemical reactions are the crucial reactions
producing or destroying a given species, as defined in Benne
et al. 2022). Because the main chemical pathways were already
detailed in Benne et al. (2022), we only give the key chemical
reactions from this work in Table B.3.

5.5. Caveats

The current model has some limitations, however. The first lim-
itation is the geometry used for the electron precipitation: We
considered it to be vertical, which led to a secondary electron
production by these electrons that is maximum below 100 km.
The magnetic field lines are expected to drape themselves around
Triton (Strobel et al. 1990; Sittler & Hartle 1996), as is the case
for Titan (Gronoff et al. 2009b; Modolo & Chanteur 2008).
Strobel et al. (1990) therefore considered a magnetic field line
inclined by 9◦ and Sittler & Hartle (1996) worked with a horizon-
tal line. The number of different configurations with a draping
field is so large that a systematic study would be meaningless.
We chose the configuration that was most accurate and prevented
any additional uncertainty due to the projection toward the ver-
tical. This configuration is found on Triton like any other and
is similar to that used to study Titan in Dobrijevic et al. (2016).
In the future, the study of other magnetic configurations as in
Gronoff et al. (2009b) will allow us to address how the energy
is deposited in the atmosphere. For now, we did not compute the
deposited energy flux, and we therefore cannot give any con-
straints on the heating of the atmosphere by magnetospheric
electrons from our model. However, this was a critical argu-
ment supporting the electron precipitation hypothesis because
the solar flux seemed too weak to explain the observed ther-
mospheric temperature (Stevens et al. 1992; Krasnopolsky et al.
1993; Strobel & Zhu 2017). Again, as the electron-impact ion-
ization and electron-impact dissociation reactions resulting from
electron precipitation mostly take place below 100 km, we expect
the energy to be deposited in this area as well, which would cer-
tainly not allow us to explain the thermospheric temperature (if
a secondary energy source is needed). However, considering a
more inclined magnetic field line as described in Sect. 5.2 should

shift the region in which the electrons deposit their energy
toward a higher altitude. Therefore, it should help to reproduce
the thermospheric temperature.

Moreover, better constraints on the electron densities inside
the Neptune magnetosphere and better constraints of the mag-
netic field strength at Triton depending on its position in the
magnetosphere would allow us to improve our model signifi-
cantly. This could be achieved with an orbiter equipped with a
magnetometer and a plasma/energetic particles experiment that
would make multiple flybys of Triton, as Cassini did for Titan.

5.6. Electron precipitation is still needed to explain the
Voyager 2 observations

We tested our photochemical model without considering elec-
tron precipitation and found an electron density profile consistent
with the Voyager 2 observations presented in Tyler et al. (1989),
as shown in Fig. C.1. However, even though a consistent elec-
tron density profile can be found without electron precipitation,
it is more likely that this precipitation should be implemented in
models of the Triton atmosphere (Lyons et al. 1992). This addi-
tional source of energy is needed to explain the thermospheric
temperature according to Stevens et al. (1992) and Krasnopolsky
et al. (1993). In addition, it is needed to obtain a number density
of atomic nitrogen at 400 km that matches the data presented in
Krasnopolsky et al. (1993).

6. Sensitivity study of the electron temperature

As explained in previous sections, the electron temperature Te
was not explicitly provided in the majority of the articles about
the photochemistry of the Triton atmosphere because no mea-
surements of this physical quantity were performed during the
Voyager 2 flyby. We therefore used an electron temperature equal
to the neutral temperature in our work. Because the atmosphere
of Triton is tenuous, however, we can expect Te to be higher than
the neutral temperature Tn. Using various hypotheses to compute
the pressure balance, Sittler & Hartle (1996) found that Te at the
Triton ionopause should be between 308 and 1230 K. These val-
ues are higher than the maximum neutral temperature reached in
the thermosphere, which is 102±3 K according to Krasnopolsky
et al. (1993). In their photochemical model, Krasnopolsky (2023)
assumed Te = 300 K, but did not justify this choice.

As the electron temperature remains unknown, we performed
multiple simulations with electron temperatures higher than the
neutral temperature. Based on the results of Sittler & Hartle
(1996), our three main simulations considered Te = 300, 10×Tn
(resulting in a maximum electron temperature of 920 K) and
1230 K. The results from these simulations are shown in Fig. 12
and Table 3.

A higher electron temperature logically leads to a higher
electron peak density because a higher electron temperature
lowers the rates of dissociative and radiative recombination reac-
tions. We observe in Table 3 that the simulation with Te = 300 K
is consistent with Voyager 2 data from Tyler et al. (1989) at 1σ,
which gives a maximum electron density of (3.5±1)×104 cm−3.
The simulations with Te = 10 Tn and 1230 K give marginally
higher electron peak densities at 1σ because the values from
Tyler et al. (1989) are given without any uncertainties. Moreover,
the nominal electron density profiles remain in the uncertainty
range of our reference case where Te = Tn.
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Fig. 12. Nominal electron density profiles for Te = Tn (solid red line),
Te = 300 K (dash-dotted green line), Te = 10×Tn (dashed blue line) and
Te =1 230 K (dotted black line). The gray profiles are the electron den-
sity profiles obtained considering chemical uncertainties for the Te = Tn
case. The red triangles and blue circles give the electron density profiles
measured during the Voyager 2 flyby from Tyler et al. (1989).

Table 3. Comparison of the maximum electron density and its altitude
for various cases using a different electron temperature profile.

Te
Max e− density

(cm−3)

Max e−
density

at 1-σ (cm−3)

e− density
peak (km)

Tn 4.2× 104 [2.7–6.4] × 104 367
300 K 6.0× 104 [3.9–9.2] × 104 367
10 Tn 8.0× 104 [5.2–12.2] × 104 367
1230 K 1.0× 105 [6.5–15.3] × 104 367

Notes. The 1σ interval is computed with the uncertainty factor of 1.53
that was calculated at the electron peak in Sect. 5.2 for the Te = Tn case.

Therefore, increasing the electron temperature in our model
leads to a higher electron density, but this increase is not signifi-
cant considering the chemical uncertainties and that the profiles
from Tyler et al. (1989) are given without uncertainties. In addi-
tion, recent reprocessing of Voyager 2 data by Togni et al. (2023)
indicates that the electron density measured during the flyby is
likely to be higher than what is presented in Tyler et al. (1989).
To make our nominal electron density profiles consistent with
the profiles from Tyler et al. (1989), we could also have added
another unconstrained loss process in our model such as, for
example, ion escape at the top of the atmosphere, as was done
in Krasnopolsky & Cruikshank (1995); Krasnopolsky (2023).

7. Conclusion

We presented a model that was improved over the model of
Benne et al. (2022) to better account for the interaction between
the Triton atmosphere and the Neptune magnetosphere. To do
this, we first modeled the Neptune-Triton system to study the
variation in the magnetic environment of Triton depending on its
position in the Neptune magnetosphere. The L-shell parameter of
Triton varies strongly with time from 14 to more than 100. Thus,
Triton is not always near the magnetic equator of Neptune, where

the magnetospheric electrons are located. Therefore, we com-
puted the time ratio when Triton is in this area, called the orbital
scaling factor, and applied it to compute the mean precipitation,
as done in Strobel et al. (1990). The initial input precipitation
flux was taken from the latter article, but was then modified fol-
lowing the work of Sittler & Hartle (1996), in which the electron
precipitation rate depends on their energy. We also computed the
mean magnetic field using OTD models of the Neptune magnetic
field that were developed after the flyby of Voyager 2. This gave
a mean field of 5 nT, slightly lower than the value of 8 nT used by
Strobel et al. (1990) and Sittler & Hartle (1996). This difference
impacts the energy deposited by the electrons. We considered
that the electron flux propagated vertically, that is, perpendicular
to the atmospheric layers.

With these inputs, we used the electron transport model
TRANSPlanets to compute the electron-impact ionization and
electron-impact dissociation rates. TRANSPlanets is a modified
version of the TRANS model that has been used to study elec-
tron transport in various planetary atmospheres Gronoff et al.
(2009a). These rates were then used in our photochemical model
after coupling it with TRANSPlanets. This significantly changed
the results of the photochemical model compared to the case
where the electron-impact ionization and electron-impact dis-
sociation rates were computed as in Benne et al. (2022). The
electron impact-ionization and dissociation integrated column
rates decreased by 66% between the two models, thus affect-
ing the atmospheric composition. Consequently, electron-impact
ionization is no longer the dominant ionization source in the Tri-
ton atmosphere because its rate is slightly lower than the rate of
photoionization. This is opposite to what was found in the previ-
ous photochemical models of the Triton atmosphere (Strobel &
Summers 1995; Krasnopolsky & Cruikshank 1995; Benne et al.
2022). However, we note that this result depends on the input
flux used in TRANSPlanets, which depends on some of our
assumptions because we lack knowledge of the electron fluxes
at Triton, the time variation of its magnetic environment, and of
the magnetosphere-atmosphere interaction. Maybe more impor-
tantly, these results also depend on the shape of the magnetic
field around Triton. We made the strong assumption of a vertical
magnetic field line. Considering the multiplicity of the differ-
ent configurations of a satellite orbiting a complex magnetized
planet, there is no doubt that this configuration may be found,
and no doubt either that it is not a general rule. Therefore, this
work must be considered as a first approach, showing that we
are now able to address a detailed and deep study of the upper
atmosphere of Triton. Observations are still missing, however.
We strongly need a dedicated mission to study the Neptune mag-
netosphere in depth, with several flybys of Triton when it is at
different places in the magnetosphere.

Even though the atmospheric composition was altered, the
main chemical pathways remained the same as in Benne et al.
(2022). The changes come from the varying contribution of
the different key chemical reactions. With this model, we find
a nominal electron peak number density consistent with the
Voyager observations presented in Tyler et al. (1989), at an alti-
tude that is roughly consistent with observations. The nominal
number densities of N2 and N are also consistent with the obser-
vations reported in Broadfoot et al. (1989); Krasnopolsky et al.
(1993); Krasnopolsky & Cruikshank (1995). We performed a
Monte Carlo simulation with 250 runs of the model by vary-
ing the chemical reaction rates. We found that some uncertainty
factors were lower in this work compared to Benne et al. (2022),
but the overall uncertainties are still large. We also showed that
using increased electron temperature leads to higher electron
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densities, but these densities remain consistent with the Voyager
2 observations presented in Tyler et al. (1989) when we consider
the chemical uncertainties and that the profiles from Tyler et al.
(1989) did not display any uncertainty.

The current model can be improved in the following ways.
The possibility of using a horizontal magnetic field line could
have a significant impact on the results by shifting the electron-
impact ionization profile resulting from the electron precipitation
upward. This case would also model the Triton-magnetosphere
interaction better because it is thought that the magnetic field
lines drape themselves around Triton (Strobel et al. 1990; Sittler
& Hartle 1996). The computation of the heat deposited by the
electron precipitation would also help to constrain the impor-
tance of the geometry of the magnetic field lines in the upper
atmosphere of Triton because magnetospheric electrons may
explain the thermospheric temperature (Stevens et al. 1992;
Krasnopolsky et al. 1993; Strobel & Zhu 2017). This model
would also benefit from a better knowledge of the Neptune
magnetosphere, such as the electron number density depend-
ing on the L-shell to better model the input precipitation flux.
The acquisition of this type of data requires an orbiter in the
Neptunian system.
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Appendix A: Results obtained with a not renormalized precipitation flux

We present results obtained with TRANSPlanets and the photochemical model when the input precipitation flux used in the former
model is j∗(E), that is, the flux that is not renormalized. Thus, this flux carries significantly more energy that can be deposited
by curvature drift, as computed with Eqs. (13) and (14), which were taken from Strobel et al. (1990). Fig. A.1 shows the secondary
electron production rate, and Fig. A.2 plots the mole fractions of the main neutral species and the main ions of the Triton atmosphere.

Fig. A.2 shows that both the mole fraction of atomic nitrogen and the electron density profiles are inconsistent with Voyager 2
data. They were taken from Krasnopolsky et al. (1993) and Tyler et al. (1989).
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Fig. A.1. Secondary electron production profile computed with TRANSPlanets using a not renormalized precipitation flux j∗(E).

Fig. A.2. Results from the photochemical model using electron-impact ionization and electron-impact dissociation rates computed by TRANS-
Planets with a not renormalized precipitation flux j∗(E). (a) Mole fractions of the main neutral species. The horizontal bars represent Voyager 2
measurements as presented in Krasnopolsky et al. (1993). (b) Number density profiles of the main ions. The electron profile can be compared with
the profiles presented in Tyler et al. (1989).
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Appendix B: Outputs from the nominal model using TRANSPlanets

We present in Table B.1 the integrated reaction rates of the electron-impact ionization and electron-impact dissociation reactions
in Benne et al. (2022) and in this work. Table B.2 presents the altitude at which the uncertainty on the mole fraction of the main
atmospheric species is maximum for this work, along with the uncertainty factor on this mole fraction. Finally, Table B.3 compares
the key chemical reactions of Benne et al. (2022) and this work.

Table B.1. Comparison of the integrated column rates of the electron-impact ionization and electron-impact dissociation reactions

Electron-impact ionization or
Electron-impact dissociation reaction

Integrated column
rates (cm−2.s−1)

Benne et al. (2022)

Integrated column
rates (cm−2.s−1)

This work

∆
relative

N2 + e− −→ N+2 + 2e− 6.6×107 2.4×107 -63.6%
N2 + e− −→ N+ + N(2D) + 2e− 1.6×107 3.9×106 -75.6%

N2 + e− −→ N(4S) + N(2D) + e− 4.9×107 2.1×107 -57.1%
N(4S) + e− −→ N+ + 2e− - 1.0×105 -
N(2D) + e− −→ N+ + 2e− - 2.3×103 -

C + e− −→ C+ + 2e− - 9.2×103 -
CO + e− −→ CO+ + 2e− - 2.0×104 -

CO + e− −→ C + O(3P) + e− - 6.5×103 -
Sum 1.31×108 4.9×107 -62.6%

Sum for electron-impact ionization 8.2×107 2.8×107 -65.8%

Table B.2. Uncertainty factor on the mean abundance F(ȳi) of the main atmospheric species.

Species Altitude
(km) F(ȳi)

H2 943 1.14
C 46 2.74
H 31 9.17
CH4 153 9.28
C2H2 127 3.14
C2H4 41 10.05
C2H6 86 6.98
HCN 438 5.39
O(3P) 31 52.72
N2 1026 1.01
CO 1026 1.07
N(4S) 31 26.44
N(2D) 115 42.01
H+ 127 5.36
C+ 121 5.60
N+ 923 1.59
N+2 1026 1.90
e− 146 2.00

Notes. These values were computed at the level at which the uncertainty on the abundance of the studied species is maximum. The uncertainty
factor F gives the interval

[
ȳ

F , ȳ × F
]

at 1σ.
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Table B.3. Comparison of the key chemical reactions obtained in this work with a slightly modified version of the model of Benne et al. (2022),
based on the nominal results.

Reaction This work Benne et al. (2022)
Species (Production) Species (Loss) Species (Production) Species (Loss)

CH4+hν−→1CH2+H2 H2(33%) CH4(34%) H2(34%) CH4(35%)
CH4+hν−→CH3+H H(27%) CH4(29%) H(30%) CH4(30%)
H+3CH2−→CH+H2 H2(47%) H(53%) H2(48%) H(56%)
CH+CH4−→C2H4+H C2H4(73%); H(21%) CH4(23%) C2H4(73%); H(23%) CH4(22%)
H+HCNN−→1CH2+N2 N2(23%) H(32%) N2(17%) H(34%)
N2+hν−→N+2 +e− e−(48%); N+2 (55%) e−(26%); N+2 (31%)
N2+hν−→N(4S)+N(2D) N(4S)(11%); N(2D)(20%)
N2+e−−→N+2 +2e− e−(39%); N+2 (45%) e−(57%); N+2 (69%)
N2+e−−→N(4S)+N(2D)+e− N(4S)(12%); N(2D)(21%) N(4S)(13%); N(2D)(24%)
N+2 +H2−→N2H++H H2(51%); N+2 (37%) H2(52%); N+2 (15%)
N+2 +e−−→N(4S)+N(2D) N(2D)(16%) e−(26%); N+2 (29%) N(4S)(11%); N(2D)(20%) e−(35%); N+2 (42%)
N+2 +e−−→N(2D)+N(2D) N(2D)(27%) e−(22%); N+2 (25%) N(2D)(33%) e−(30%); N+2 (36%)
N(4S)+CN −→N2+C C(72%) N(4S)(20%) C(69%); N2(17%) N(4S)(37%)
N(2D)+CO−→N(4S)+CO N(4S)(56%) N(2D)(93%) N(4S)(48%) N(2D)(77%)
H++HCN−→HNC++H H+(22%); HCN(87%) H+(28%); HCN(70%)

Notes. The key chemical reactions are the reactions that contribute more than 10% of the total integrated production or loss of at least two of the
main atmospheric species from this work.

Appendix C: Results from our photochemical model without electron precipitation

In Fig. C.1 we present the number densities of the main ions of the Triton atmosphere obtained with our photochemical model without
electron precipitation from the Neptune magnetosphere. Therefore, the rates of the electron-impact ionization and electron-impact
dissociation reations are zero.
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Fig. C.1. Number density profiles of the main ions of the Triton atmosphere obtained with the photochemical model without the electron precipi-
tation. The electron profile is compared to Voyager 2 data from Tyler et al. (1989).
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