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Abstract—Studying the auroral emissions is of great importance since they are created in an atmospheric
layer (80-300 km) where in-situ measurements are complicated and they represent a good proxy of the
particle precipitations into the atmosphere. The emission spectrum of the aurora is complex, made of both
atomic and molecular lines. The intensities of these emissions vary with the solar and geomagnetic
activities, mostly due to the particle precipitations. In this paper, we simulate auroral emission spectra
for a given distribution of precipitating electrons using Transsolo, a kinetic code solving the transport
equation of the electrons along the local magnetic field line. It allows calculations of the particle fluxes
for different energies, pitch-angles and altitudes, from which the related emissions are computed. The
modules to compute the emissions have recently been updated by including the vibrational structures of
the molecular bands and several atomic lines. Only the O, emissions and the hydrogen emissions due
to proton precipitations are not considered in the model. The code also permits to relate auroral spectra
with characteristics of the precipitating electrons such as their mean energy and total fluxes at the top of
the atmosphere. Such simulations also provide the auroral spectrum at any altitude of the upper atmosphere,
which is important in the perspective of volume emission reconstructions as done using tomographic-like
techniques. Moreover, many auroral monitoring instruments are equipped with filters of variable widths.
Such synthetic spectra can help to identify possible contamination of the measurements due to overlap
of several emission lines. For example, the green line at 557.7 nm overlaps with several O, N I and
N, lines or bands in a =5 nm range. Calculating the relative ratio of these lines in different conditions
is therefore crucial for measurements using a filter of 5 nm width. For example, we discuss if these
overlapped lines could possibly be at the origin of the linear polarization measured in the green line despite
the fact that the theory of impact polarization predicts zero polarization.

Keywords: Auroral emissions / Kinetic transport / Spectra

1 Introduction

Auroral emissions are among the most spectacular effect on
Earth of the solar activity. They also represent an excellent way
to study the dynamics of the ionosphere-thermosphere and its
complex coupling with some parts of the magnetosphere, which
results in particle precipitations into the atmosphere at high
latitudes.

Numerous efforts have been done since decades to use the
auroral emissions as a proxy for the reconstruction of particle
precipitations. Some of them used the ratio between different
emission lines (Lummerzheim et al., 1990; Tuttle et al., 2020)
with or without additional data from incoherent scatter radars.
Others used the vertical distribution of the bright emissions of
N2+ first negative band at 427.8 nm (0-1) (Simon Wedlund

et al., 2013; Robert et al., 2023). Very few focused on using
the whole spectrum which can however carry additional informa-
tion by providing additional constraints or help to avoid biases
due to possible measurement artefacts such as light pollution.
In terms of instrumentation, active spectroscopic studies
have been performed on the auroras until the 70s (Gattinger
& Vallance Jones, 1974). Since then, only a few spectrometers
covering the entire visible spectrum have been used. Let us
mention the OSIRIS (Optical Spectrograph and Infra-Red Imag-
ing System) experiment on board the ODIN satellite (Gattinger
et al., 2010), the auroral spectrograph of the National Institute of
Polar Research (NIPR) (Oyama et al., 2018) installed at
EISCAT (European Incoherent Scatter Scientific Association)
close to Tromso in Northern Norway and the spectrometers
installed at the Kjell Henriksen Observatory in Svalbard
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(Herlingshaw et al., 2024). In the low latitude transition region
in Canada, the TREXx (Transition Region Explorer) spectrograph
took spectra of STEVE (Strong Thermal Emission Velocity
Enhancement) and of the Picket Fence optical structures (Gillies
et al.,, 2019). Barthelemy et al. (2019) gives an overview of
existing space-borne spectrometers working in the visible part
of the spectrum until 2018. Afterwards, we can mention the
UV instrument of the [ICON (Ionospheric Connection Explorer)
satellite launched in 2019 (Frey et al., 2023).

On the theoretical side, several studies have been made to
simulate parts of these spectra, especially the structure of the
molecular bands. We can mention the work of Degen (1982)
on the N, Vegard-Kaplan band or (Jokiaho et al., 2009) for
the whole molecular nitrogen bands. Simulations of the auroral
emissions are often obtained by solving the transport equation
of the precipitating particles into the atmosphere, mainly for
the electrons. This can be done either by Monte Carlo simula-
tions of the equations (Solomon, 2001), or by numerical solu-
tions of the transport equation such as the codes developed by
Khazanov et al. (1979), the GLOW (GLobal airglOW) simula-
tions (Solomon, 2017, and references therein), or the Transsolo
code which uses discrete ordinate solution (Lummerzheim &
Lilensten, 1994; Lilensten & Blelly, 2002; Vialatte, 2017). A
review and comparison of the results obtained with the three
models is described in (Grubbs et al., 2018)1. A step further,
there are models combining kinetic simulations with chemistry
and fluid simulations like the IPIM (IRAP Plasmasphere-
Ionosphere Model) distribution Marchaudon & Blelly (2020,
and reference therein), and the model of Lanchester &
Gustavsson (2012). These last two models use a kinetic model
similar to Transsolo. The GLOW model is widely used in the
community since it is easy to implement, very quick to run
and gives the intensity of the main auroral lines. A run of the
GLOW model is about 20 times faster than a run of Transsolo.
GLOW calculates the transport of the electrons only for two
streams (up and down) while Transsolo is a multi-stream model.
The emission peaks produced by GLOW are then biased com-
pared to those produced by Transsolo. The altitude difference
between the two models varies for different lines and particle
precipitation conditions but emission peaks from GLOW always
appear at lower altitudes. Indeed, trajectories with inclination
regarding the vertical are considered in Transsolo but not in
GLOW, resulting in the particles crossing more thickness of
atmosphere and are therefore more absorbed at an equivalent
altitude of emission. The altitude differences have been tested
for the NJ 427 nm band and are between a few hundreds meters
and a few kilometers depending on the conditions. Moreover, in
its current state, GLOW does not include the molecular nitrogen
bands except the N, 427.8 nm band. For these reasons, we
decided to use Transsolo for this study.

Most auroral emission measurements are done with
photometers equipped with filters with a Full Width at Half
Maximum usually between 1 and 3 nm or sometimes more.
However, since the spectra of the aurora are dominated by
molecular bands, the width of some emissions can be large
and overlaps between emissions can occur, complicating the
interpretation of the intensity measurements. This can be critical

' The ETRANS code mentioned in this paper is similar to the
Transsolo code and is based on the same resolution principles. The
cross sections can however be different.

when the required precision is high, e.g. for auroral polarisation
studies (Lilensten et al., 2008; Barthélemy et al., 2018; Bosse
et al., 2020) where the origin of the polarization measured for
the green line is still debated. Another example is the study
of proton auroras through intensity measurements of H, line
at 656.3 nm. This emission is sometimes mixed with strong
molecular nitrogen emissions from the first positive band, espe-
cially the 7—4 vibrational transition centered around 654.5 nm.
Even with a very narrow filter, photometers centered around
656 nm can therefore mix these two emissions which have very
different origins and dynamics and thus variable intensity ratios.

Therefore, there is a large and varied interest in calculating
the intensity of both the atomic lines and of the individual
molecular vibrational bands which have only been done par-
tially for some specific transitions Degen (1982), Vallance Jones
& Gattinger (1972), and Gattinger & Vallance Jones (1974)
proposed almost complete synthetic spectra but not coupled to
a resolution of the transport equation for the electrons and thus
only valid for some specific auroral conditions. Here we
propose to simulate synthetic spectra of the aurora using the
Transsolo code with different properties of the precipitating
electrons, hence representative of different geomagnetic condi-
tions. We compiled as many transitions as possible from the
literature, including atomic transitions and molecular vibrational
individual bands for each electronic molecular transition, and
included them in the code. However, the biggest novelty of this
work is to link this (almost) full set of emissions with the
electron precipitation characteristics.

2 Auroral spectrum composition

The spectrum of the aurora is mainly dominated by
prominent atomic lines such as the atomic oxygen transitions
at 557.7 nm (O' S — O' D) and 844.6 nm (3p” P — 35> S°,
the triplet transitions at 630-636-639 nm (O' D — O’ P), and
by emissions from the N first negative band (B°Z; — X*X))
with two main bands at 391.4 and 427.8 nm. However, there
are many other fainter molecular bands which contribute to a
large intensity when integrated on the whole visible spectrum,
e.g. the nitrogen emissions (Vallance Jones & Gattinger,
1972) such as the NJ* Meinel band (4°TT, — X*X}) and the
N, first positive band (B*IT, — 4* X)) ‘

The main atomic and molecular bands considered in this
study are summarized in Table 1 and in Supplementary
material. We take into account N II and N I emissions lines,
especially the 500.1, 500.5 and 568.0 nm emissions from N II
and the forbidden 520 nm emission from the neutral atomic
nitrogen. This last transition already observed in the aurora
(Rees & Romick, 1985) shows an excited state with a very long
lifetime (9.95 h) and thus complex emissions processes as
discussed later in this article. The O first negative band
(b42; — a*T1,), the N, second positive band (C°II,—
B Il,), and the forbidden Vegard-Kaplan band 4? -

X 'Z;) can also have significant intensities and are included
in the simulations.

2 For the reader not familiar with spectroscopic notations, we kindly
refer them to any textbook in molecular spectroscopy, for example
Tennyson (2019).
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Table 1. List of atomic transitions taken into account in the simulations.

Species Transition Wavelength (nm) References Width (nm) Comments
Ol s - 1D 557.7 (Kramida et al., 2022) 0.2 Forbidden transition; lifetime ~ 1 s.
OlI Ip . 3p 630 and 636 (Kramida et al., 2022) 0.2 Forbidden triplet transition; lifetime ~110 s.
and 639
01 3p°P — 3s° §° 7772 and 777.4 (Kramida et al,, 2022) 0.2 Triplet transitions.
and 777.5
01 3p°P - 3s° §° 844.6 (Kramida et al., 2022) 0.2 Triplet transitions but with very close lines.
We consider this line as a single line.
ol ’P - °D 732.0 (Kramida et al., 2022) 0.2
NI D 4S 520 (Kramida et al., 2022) 0.2 Forbidden transition; lifetime ~9.95 h.
NII 3 F > 3p3 D 500.1 and 500.5 (Kramida et al., 2022) 0.2
N II 3p° D-3s> P 568.0 (Kramida et al., 2022) 0.2 In fact four different lines. Only the 568.0 nm
has a significant cross-section. The other three
have been included in the other lines (see
below).
NIand N II 81 lines listed in From 380 (Mangina et al., 2011) 0.2 The weak lines of the two previous multiplets
Table 18 of Mangina to 900 have been included in these 81 lines.

et al. (2011)

These lists are of course nonexhaustive. Below, we present
molecular lines not considered in this work mainly because
we limit the simulations to the 380-900 nm wavelength range.
We do not consider the numerous emission bands such as the
N,-LH (Lyman-Hopfield) or N,N,-LBH (Lyman-Birge-
Hopfield) bands and the faint NO bands (Vialatte, 2017) which
appear almost entirely in the UV. The oxygen molecular bands
Herzberg I and II, and Chamberlain are also mainly in the UV
but display emission bands in the visible mostly in the blue.
They are created by O, recombination as shown in (Slanger
et al., 2003) and are thus very faint during an aurora but are
visible in the nightglow (Broadfoot et al., 1997). We ignored

the O,(b'E; —*%_) with a 0 — 0 band at 762 nm due to its very

complex chemistry induced emissions as shown in (Kirillov
et al.,, 2021). Adding such emissions would require to add a
complex chemistry module to the simulations. Moreover we
neglect the H-Balmer series emissions which are related to
protons auroras which are not considered in this version of
our kinetic simulations. The NO bands have been studied by
Cartwright et al. (2000) and Vialatte (2017), with a more com-
plete study presented in the PhD work of Vialatte et al. (2017).
If these bands (in particular the y band) can be intense in the
medium UV (200-350 nm), they are also 3—4 orders of magni-
tude fainter than the red and green lines. Moreover, since molec-
ular emissions are dispersed on wide wavelength ranges and
individual vibronic lines are difficult to see, they would require
a very high spectral resolution. It is however important to
mention that some of these bands are forbidden in the electric
dipole approximation. They are quenched at low altitudes and
their emission peaks can reach higher altitudes up to 180 km
(Cartwright et al., 2000). This is the case for the M band

(a*IT — X°T1) and the L’ band. The M band is the only one
that can present potentially detectable lines in the range of
400-500 nm. We choose in the following to not show the
NO lines in the results of the simulations due to their very faint
intensities. It is also the case for the O; second negative band
which shows faint intensities, at a level around one third of
the first negative band.

3 Methodology

As explained above, we used for this study an upgraded
version of the Transsolo code’. Transsolo is a 1D kinetic
simulation code which calculates the electron fluxes at different
altitudes, energies and pitch-angles in the ionosphere. The
global workflow of the code is given in Figure 1. Below, we
present the main features of the code. We refer the interested
reader to Lummerzheim & Lilensten (1994), Lilensten & Blelly
(2002) and Vialatte (2017) for a more detailed description. The
present version of the code is the same as the version used in
Vialatte (2017)) in which we added the atomic and molecular
transitions mentioned above. The cross-sections have been
reviewed and updated when necessary to take into account their
most recent determinations (measurements or simulations). The
quenching rates for the forbidden transitions have also been
updated. The references for the cross-sections are mentioned
in Tables 1 and Supplementary material and the quenching rates
described in Section 3.4.

As shown in Figure 1, the energetic solar EUV fluxes and
the precipitating electron fluxes are given as inputs to the code
which then solves the transport equation for these electrons and
returns as output the electron fluxes for given energy, pitch-
angle and altitude grids. The code uses the DISORT routine
(Stamnes et al., 1988) a discrete ordinate method, to solve the
transport equation. The symmetry axis is the local magnetic
field line. The code also requires atmospheric and ionospheric
models to solve the transport equation. In our case, atmospheric
model is NRLMSIS 2.0 (Emmert et al., 2021). It is also possible
to use NRLMSIS 00 (Picone et al., 2002). The atmospheric
model is parameterized by A, and F10.7 indices and depends
on the location on the Earth (latitude and longitude). The iono-
sphere composition and temperatures are computed using the
IRI 2020 model (Bilitza et al., 2022).

? The code will be made available on request to the first author.
Because of its complexity, a potential user of the code is requested
to collaborate with the author to use it efficiently and avoid misuse.
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Figure 1. Schematic view of the Transolo simulation flow. Inputs are in blue and output in red. Taken from (Barthelemy et al., 2019).

As shown in Robert et al. (2023), for the 427.8 nm band, the
shape of the electron energy distribution has a significant impact
on the emission profiles and intensities. We may consider differ-
ent analytical electron precipitation functions: mono-energetic,
Maxwellian and Gaussian functions. The two first distributions
are parameterized by the total precipitating energy (Ey) and
the mean energy of the distribution (Ey,oy). The Gaussian func-
tion needs a third parameter which is the width of the distribu-
tion. Since the Boltzman transport equation is linear, it is
possible to study the effect of more complex distributions by
summing the contributions of individual functions which may
simulate different sources of precipitating electrons. This is
important since the precipitating electron fluxes can often be
the sum of several distributions with different mean energies
as shown e.g. in Simon Wedlund et al. (2013) and Robert
et al. (2023) revealing possible multiple sources and/or acceler-
ation mechanisms.

Once the electron fluxes are calculated, a set of cross-
sections is used to calculate the induced emissions. However
the light emissions are not always directly resulting from an
electron collision (primary or secondary electrons). Some chem-
istry processes need to be taken into account to get the full emis-
sion distribution. This is especially true for the O I red triplet
(630-636—639 nm) and O I green line (557.7 nm) from atomic
oxygen and the N I (520 nm) line for atomic nitrogen®. These
transitions are forbidden in the electric dipole approximation
as well as the N, Vegard Kaplan vibronic transitions. Such tran-
sitions generally lead to metastable upper state of the considered
transitions and thus long lifetime. Consequently, they are signif-
icantly quenched by collisions on neutral atoms, ions or mole-
cules. This can strongly decrease the number of emitted
photons when compared to the excitation of the upper level,
especially at altitudes between 100 and 200 km. They are
quoted with the word forbidden in the table summarizing all
the considered transitions.

4 All the references for cross sections are given in Table 1 and in
Supplementary material.

3.1 Input parameters and grids

This paper deals with the night-side auroral emissions
meaning that we consider only electron precipitations as input
and no solar EUV flux. The proton precipitations will be added
in a further version of this work.

As mentioned above, the code uses the NRLMSIS 2.0 atmo-
spheric model which is parametrized by F10.7 and Ap. In this
paper, we use F10.7 = 158 and Ap = 80 which correspond to
average conditions. It is important to notice that during intense
precipitation events, the atmosphere is modified by the resultant
chemistry and it can be convenient to artificially increase the Ap
number to take into account these modifications as done in
Robert et al. (2023). The code also needs the position on Earth
(Latitude, Longitude) as an input for the NRLMSIS model and
to calculate the magnetic field lines orientation. For the latter,
we use IGRF-13 (Alken et al., 2021). An arbitrary magnetic
field line orientation can also be considered. As a test case the
following position was considered:

— Latitude = 70° North,
— Longitude = 20° East,

which corresponds to a location in the North of Scandinavia in
the vicinity of the Tromso and Skibotn observatories in North-
ern Norway.

The simulation also requires the choice of the grids for the
atmosphere, electrons energies and pitch-angles. We chose:

— 100 energies from 0.1 to 30000 eV. Logarithmic grid;

— 100 atmospheric layers from 80 to 520 km. Logarithmic
grid;

— 32 pitch-angles, 16 down, 16 up distributed over all direc-
tions (0°-360°).

Due to the variation of the density of the atmosphere with the
altitude, the grid step is not constant but logarithmic with smal-
ler steps at low altitudes. It is similar for the energy grid since
the main variations of the cross section due to electron impacts
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occurs between 20 eV and several hundreds of eV. The extrap-
olation at higher energy is done using power laws as proposed
in the semi-classical theory of Bethe (Inokuti, 1971) and already
considered in the previous versions of Transsolo. Even if we
know that the precipitating particle fluxes can be the sum of
several distributions with different total and mean energies
(e.g. Simon Wedlund et al., 2013; Robert et al., 2023), we
choose in this paper to study the effect of only a single distribu-
tion at once. And in order to accurately link the spectrum
obtained with a specific energy of the precipitating electrons,
we use mono-energetic electron beams at the top of the atmo-
sphere. However for specific cases, Maxwellian or Gaussian
distributions can also be used. In this last case, the width of
the distribution has to be added as input parameter.

For the pitch-angle distribution at the top of the atmosphere,
we use a Gaussian distribution of angles as described in
Lilensten & Blelly (2002).

3.2 Electron impact cross sections and
Franck-Condon factor for molecular bands

Each vibrational, vibronic or rovibronic® transition cross
section is related to the overlap of the vibrational wave function
of each individual vibrational level. These overlaps are
described by the Franck-Condon (FC) factors at first order®.
The emission rates also depend on the excitation rate of the
specific vibrational upper level of the transition which can be
unknown. Therefore, we use the following strategy to calculate
the transitions between two vibronic levels: if the cross sections
versus energy are known, we use them. If not, the branching
ratios can be calculated by using experimental laboratory spec-
tra like those of Mangina et al. (2011). However, some weak
transitions do not appear in these experimental spectra. For
these ones, the cross section are obtained by using another tran-
sition with the same upper level and then use the FC factors
ratio between the upper vibration level and the lower ones
and compare them to the known one.

For a complete description, we need the full variation of the
cross sections with the energy for the entire spectrum of the pre-
cipitating electrons. This variation is not complete for a large
part of the emissions, especially for all the individual vibrational
transitions. In this case, instead we use the hypothesis that the
variation is similar to the full band excitation variation, i.e. that
we consider a constant branching ratio with energy or if not
available to the ionisation cross section variations. For example,
if we compare the O; first negative band cross section with the
ionization one (Terrell et al., 2004), we can reasonably consider
that their shapes are similar which allows validation of this
hypothesis, at first order.

> In molecular spectroscopy, in the Born-Oppenheimer approxima-
tion, the electronic, vibrational and rotational degrees of freedom are
decoupled. Vibronic means a transition mixing electronic and
vibrational degrees of freedom and rovibronic mixes the three
degrees of freedom mentioned above.

6 See for example Herzberg (1950) for additional information about
Franck-Condon factors.

3.3 Line width

The line widths of the emissions are controlled by several
parameters like the lifetime of the upper level and the thermal
speed of the emitting species. We consider for each line a
Gaussian shape with an adjustable width. For atomic species,
the width is small and since we consider spectra acquired with
medium resolution, we set arbitrarily the width of all the atomic
lines to 0.2 nm (see Table 1).

For molecular transitions, since the vibronic transitions
considered here contain unresolved rotational structures, the
rotational temperatures strongly control the shape of the bands.
These rotational temperatures have for example been studied by
Jokiaho et al. (2008) for the first negative N; (0 — 2) band at
4709 nm using high resolution (0.08 nm) measurements
obtained with the High Throughput Imaging Echelle Spectro-
graph (HiTIES), from which they infer some energy character-
istics of the precipitations in various types of aurora. To avoid
complexity, we decide here to neglect these effects despite the
very rich set of information they can carry. At this stage, consid-
ering that the high resolution is not our main target, we only
separate the P and R branches for some molecular transitions
of Nj. However as shown in laboratory spectra (Mangina
et al., 2011), the width of the P branch is much smaller than
the one of the R branch. By fitting these laboratory spectra,
we obtain a width of 0.567 nm for the R branch and
0.083 nm for the P branch for the entire N7 first negative band.
We similarly fitted the width for the other molecular bands and
the resulting widths are given in Supplementary material. The
Meinel band shows a very complex structure regarding the rota-
tional levels with three branches heads. Less documented than
the first negative band, we do not look at the detailed structure
and we consider a wide Gaussian shape with a width of 3.3 nm
which corresponds to a fit of the entire Meinel bands measured
by Mangina et al. (2011). The width of the Vegard Kaplan band
depends on the temperature as stated in Johnston et al. (1994)
and shows an asymmetrical shape. In the code, we neglect the
asymmetry and we use a Gaussian shape with 1.5 nm width
which, according to Johnston et al. (1994) corresponds to a
temperature ~400 K which is close to typical thermospheric
temperatures. The width can be modified in the code, for exam-
ple 900 K temperature gives a 2 nm width.

It is important to keep in mind that the line width of each
emission transition is a free parameter and can thus be adjusted
very easily in the code, especially to fit low resolution instru-
ments. In case of higher resolution instruments, it is important
to keep in mind the hypothesis described above especially for
the Meinel Band.

3.4 Comments on the red and green lines

Paradoxically the brightest and most famous auroral emis-
sion lines, the red and green lines from atomic oxygen, are
among the most difficult to simulate since the number of pro-
cesses that can create these lines is large. Several processes have
some large uncertainties and make the calculation of these two
lines very inaccurate. The simulations of these lines presented in
this work are done to compare with results from other papers
but must be taken cautiously.

For the green line, Whiter et al. (2023) show that we are
currently not able to simulate and understand all the processes
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at its origin. Following their work, the calculated sources taken
into account in our simulations of the green line (population of
the O' S level) are due to the following processes:

— P1: electronic impact on O;
— P2: electronic impact on Oy;
— P3: dissociative recombination of O;;

— P4: collisional deactivation of N,(A’ZF);
- P5: Collision of O; with N;
— P6: Barth mechanism (3 body process).

Besides the emission itself, the losses are the quenching by O
and O,. The quenching of the O' S state by N, is negligible
since the reaction rate is several orders of magnitude (3-5) low-
er than the quenching on O and O, (Gronoff et al., 2008). The
green line calculation takes into account the Barth mechanism
despite the remaining questions regarding this process (Gronoff
et al., 2008) and large uncertainties. All the references for reac-
tion rates for the green line are identical to those in Whiter et al.
(2023).

For the red line, the uncertainties are lower but as for the
green line the chemical processes are important and thus the
emissions are not directly linked to the electron precipitations.
In addition, the excitation threshold for the red line is small
(1.96 eV) such that it can be excited by the tail of the thermal
electron population. In our simulations we consider the follow-
ing creation processes:

— P1: electronic impact on O;

— P2: electronic impact on Oy;

— P3: dissociative recombination of O;;
— P4: thermal electron impact;

— P5: Collision of O, with N*;

— P6: Collision of O, with N(2D).

The references for the red line creation processes are those listed
in Solomon et al. (1988). The P2 process is negligible in the
night side.

The loss processes are due to quenching with the different
neutral species and the electrons. The reaction coefficients
depend of the quenching species. They are given in Whiter
et al. (2023) and Solomon et al. (1988) for the red and green
lines respectively.

The problem is similar for the N I 520 nm with a much
longer lifetime as mentioned in Section 2. We considered for
this transition, the rates described in Rees & Romick (1985).

4 Results

4.1 Column integrated spectra

As an example, we show in Table 2 intensities of column
integrated emissions for mono-energetic electrons with a mean
energy of 0.1~keV, 1 keV and 10 keV and a total energy flux
of 1 erg - cm ™2 - s~ ', This integration reproduces intensities that
would be recorded by an instrument and is achieved by
summing contributions from each individual volume emission
rate calculated by the code along the intercepted field of view
at each altitude of the grid. Column integrated intensities

(C-Int-Int) give an indication on the variations of the emission
with the mean energy of the precipitating electron distribution.
For molecular bands, the code gives the intensity of each
individual vibronic line. The spectra are given in Figures 2
and 3 for values of the mean energy equal to 1 keV and
10 keV. A vertical zoom-in (Intensity dimension) which allows
better view of the large number of lines/bands is given in
Figure 4 for a mean energy of 1 keV.

Table 2 provides a comparison of the emitted intensities for
different mean energies considering either a constant total
energetic flux or a constant total number of particles. For the
first case, this could lead to counter-intuitive results since for
example when the mean energy is multiplied by 10, this means
that the number of particles is divided by 10. This is why e.g. at
10 keV, some intensities drop strongly due to both the variation
of the cross-section and of the number of particles.

We notice that except for the green and red lines which are
emitted by complex multi processes, the intensity variations are
almost linear with the energy flux at a given mean energy.

If a Gaussian or Maxwellian distribution is considered, the
variations of the intensities are significant but never exceed
20%.

4.2 Evolution of the spectrum as function of altitude

Since the code calculates the volume emission rates at dif-
ferent altitudes, it is possible to see how the emission spectrum
evolves with the altitude which can be particularly useful for
limb observations from space. The code also allows the determi-
nation of the altitude of the peak and the vertical thickness of the
distribution. Robert et al. (2023) have shown the importance of
these parameters for the reconstruction of particle precipitation
characteristics. Figure 5 shows an example of the 3D simulated
spectra where the intensity versus wavelength is also shown as
function of the altitude. To look at more specific features (lines
or bands) at various altitudes or to obtain a spectrum at a given
altitude, cuts can be made in this 3D distribution. Figures 6
and 7 show for example the spectra at two different altitudes
(114 and 221 km) while Figure 8 shows the altitude profiles
of three different lines. We selected three lines directly related
to electron precipitations, namely N; 427.8 nm line, the
O I 844.6 nm line and the full first positive band of N».

4.3 Uncertainties

There are a lot of parameters with poorly constrained uncer-
tainties. For example, the uncertainties on the cross sections are
at least of 10% (Terrell et al., 2004). The same paper even gives
an uncertainty of 24% on the cross sections for the first negative
band of O . Another major source of uncertainty is the atmo-
spheric model. The NRLMSIS 2.0 model has uncertainties of
the order of 10% (Emmert et al., 2021).

Considering the large number of uncertain parameters used
in the simulations, an accurate estimate of the uncertainties on
the emission intensities would require a complete study such
as e.g. in the work of Gronoff et al. (2012) for the case of Mars.
This is out of scope for this paper and will be the topic of a
future paper. Instead we can try to give rough evaluations of
the uncertainties on the different transitions.

As a first order estimate, it is reasonable to consider that the
uncertainties of the simulations are between 20% and 30% for
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Table 2. Column integrated intensity (C-Int-Int) of the main lines and bands in kR units. Values are presented for different mean energy of a

mono-energetic electron distribution considering a fixed total energy flux of 1 erg - cm

~2. 57" (which means a number of particles multiplied or

divided by 10 for a mean energy of 10 and 0.1 keV respectively). For molecular lines, the values for the full band (FB) are given except for the
1st negative bands of N . The numbers in parentheses are the C-Int-Int obtained at constant number of particles compared to the case of 1 keV

and 1 erg - cm 2

-7t (which corresponds to a total energy flux of 10 and 0.1 erg - cm”?

- s~ ! respectively)

Species Transition Wavelength (nm) C-Int-Int(kR) C-Int-Int(kR) C-Int-Int(kR)
Eean = 1.0 keV Epean = 10.0keV Epean = 0.1keV
Ol 1S - 1D 557.7 0.325 0.445 (3.256) 0.650 (0.141)
Ol 1D - 3P 630-636-639 0.525 0.082 (0.176) 1.720 (0.246)
Ol 3S - 3P (3s) 844.6 0.173 0.021 (0.208) 0.593 (0.059)
N;’ 1st negative (0 — 0) 391.3 0.189 0.066 (0.656) 0.087 (0.009)
N2+ 1st negative (0 — 1) 427 0.072 0.025 (0.251) 0.033 (0.003)
N; Meinel 700-1000 1.022 (FB) 0.287 (2.868) 0.573 (0.057)
N, VK 200-600 0.365 (FB) 0.022 (0.215) 1.082 (0.108)
N, 2nd positive 300-500 0.273 (FB) 0.269 (2.690) 0.508 (0.051)
N, 1st positive 500-1000 0.303 (FB) 0.296 (2.960) 0.580 (0.058)
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Figure 2. Spectrum for 1 keV and 1 erg - cm™2 - s~' considering a

mono-energetic input distribution.
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Figure 3. Spectrum for 10 keV and 1 erg - cm ™2 - s~ ! considering a
mono-energetic input distribution.

Wavelength (nm)

Figure 4. Spectrum for 1 keV and 1 erg - cm™2 - 5" considering a
mono-energetic input distribution. Zoom-in (Intensity dimension) of
Figure 2.

the intensity of each individual emission. The green line can
even have higher uncertainties, especially at altitudes below
110 km for which modeling fails to reproduce the observations
(Whiter et al., 2023). It is also important to note that the inten-
sities of some lines/bands must have constant ratios like the
391.3, 427.8, 470 and 522 nm lines from N;“ or the 630 and
636 nm red lines from atomic oxygen. These constant ratios
are very useful to check the how the sensitivity of a given
instrument varies with wavelength.

It is also important to mention that atmospheric models are
generated using parameters like Ap or F10.7. However, when
particle precipitations occur, the chemistry and composition of
the upper atmosphere is modified. This effect is difficult to sim-
ulate but can have significant effects. Robert et al. (2023) artifi-
cially increased the Ap parameter in the atmospheric model to
take into account this phenomenon but this cannot fully repro-
duce these complex interactions.
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Figure 5. 3D view of the synthetic spectra as function of the altitude for E,.,, = 7 keV and a total flux of 10 erg - em 2 - s~ ! The maximum

volume emission rates shown are of 500 cm™ - s~' - nm ™" to allow a better visualization of the faint lines/bands. The computed maximum of
the green line for this case is 2116 cm™ - s™' - nm™". Note that the mean energy used here is larger than for the previous examples to allow a

better discrimination of the altitude of each emission peak.
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Figure 6. Spectrum at 114 km with the same parameters as in Figure 5. The green line peaks at 3432 cm™ - s™' - nm ™' and the N; line at

391.3 nm peaks at 605 cm ™ - s~' - nm™'. To help the reader to identify the emission lines and bands, the main ones are annotated.

5 Implications for the green line polarisation  to the theoretical work by (Bommier et al., 2011), the green line
cannot be polarized by impact with precipitating electrons since

In a series of papers (Bosse et al., 2020, 2022a,b), it has it is a transition between two singlet states (Ol S-0! D). In
been claimed that the green line at 557.7 nm is polarized at  order to solve this contradiction, (Bosse et al., 2022a) developed
2-5% and may be linked to ionospheric currents. According  a sophisticated radiative transfer code to include (among others)
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Figure 7. Spectrum at 221 km with the same parameters as in

Figure 5. The intensity of the red line at 630 nm peaks at
—1

653 cm™> - s nm

550

500 -

Altitude (km)
w w »H »
o o o 14
(=] o o o

N

a

<)
T

200

150 [

100 [~

50 " " ! ! )
10® 1074 102 10° 102 104
Volumic emissions

Figure 8. Altitude profiles of three emission lines directly linked
with the electron precipitation: N 427 nm line (black curve), the O I
844 nm line (green curve) and the full first positive band of N, (red
curve). The same parameters as in Figure 5 are used. Note that the
first positive band is spread over a wide wavelength range as shown
in Supplementary material.

scattering of light pollution by aerosols as a possible explanation
of the observed polarization. Using single scattering, they
showed that the contribution of light pollution scattering is
not negligible but cannot reproduce completely the degrees
and angles of polarisation they observed. There must be a polar-
isation source that is either intrinsic to the auroral emissions or
occurs at auroral altitudes.

These polarisation measurements have been done using
filters of 10 nm width (Full Width at Half Maximum). Hence,
another plausible explanation could be that some lines with sig-
nificant intensities appear in the band pass of the filter and

would contribute partly or totally to the observed polarisation.
In the spectral region around the green line (557.7 nm), we
can identify the Av = 1 bands of the first negative band of
05, especially the (3-2), (2-1) and (1-0) bands at respectively
556, 559 and 563 nm which are the most powerful. For
example, for a total energetic flux of 1 erg - cm > - s ' and a
mean energy of 200 eV, the simulations give 24 R for the full
Oj band while it gives 592 R for the green line. The 3 afore-
mentioned bands represent roughly the third of the total band,
so about 8 R or 1.3% of the green line intensity. Since the mea-
sured polarisation degree of the green line varies between 2%
and 5%, it would require a very high polarisation rate of these
bands to partly explain the measurements. Note that in the work
of (Terrell et al., 2004), they made the assumption of an unpo-
larized band. Nevertheless, if these lines are polarised, it could
explain partly the identified link with the currents mentioned by
(Bosse et al., 2022b).

We can also note that the N, first positive band branch with
Av =5 contain emission bands between 550 and 563 nm. They
have also been included in the calculations despite their weak
cross sections. The calculated intensities are much fainter than
the OZ’ bands. Some N I lines at 556 nm (Mangina et al.,
2011) are also close to the green line but their intensities are also
weak. It is important to notice that spectral measurements and
simulations allow subtractions of the light pollution background
easier than with photometers equipped with filters as shown in
Barthelemy et al. (2011). The absolute calibration of the inten-
sities are however much more complicated with spectrometers
and they often present one unique field of view for one expo-
sure. The solution of spectral imaging is then very promising
but still heavy to implement.

6 Discussion and conclusions

Beyond the specific question of the polarisation of the green
line, this work has the potential to better constrain which emis-
sions can be present and mixed in measurements through a filter
with a given bandwidth. The case of the H,, line at 656.2 nm is a
good example since the mixing with other bands cannot be
totally avoided even with very narrow filters. Therefore it is
important to be able to simulate the other emissions knowing
the characteristics of the precipitating particles using other emis-
sion lines. That way, a subtraction of the other contributions can
in principle be made.

The tomographic reconstruction of the volume emission
rates in one or two emission lines is a powerful tool to infer
parameters of the precipitating particles as shown e.g. in Robert
et al. (2023). But this technique cannot be applied everywhere.
Taking auroral spectra is another way to bring additional
constraints on the mean energy and fluxes of the precipitating
particles on a single line-of-sight by comparing them with
synthetic ones. Both techniques could also be used in parallel
and comparisons of reconstructed parameters using the two
techniques could be done along the line-of-sight of the spectro-
graph for cross-calibration and validation.

Another application of the synthetic spectra is to be able to
simulate the full auroral spectrum in very different conditions in
order to better design future instruments dedicated to auroral
observations, especially spectrometers and spectro-imagers, like
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the WFAI-AOSI instrument (Wide Field Auroral Imager —
Auroral Optical Spectral Imager), developed for the Aurora-D
mission of the European Space Agency (Le Coarer et al., 2021).

In Cartwright (1978), the branching ratios within vibrational
structure show small variations with the energy of the particles
and therefore could be used in principle to add further con-
straints. This cannot be done with the simulations described here
since we mainly consider constant branching ratios. Additional
work could be to simulate the variations of the vibrational pop-
ulations for different characteristic energy and to find proxies of
the mean energy of the precipitating electrons distribution. The
present paper can be considered as a basis for these future
developments.

Finally, a last objective is to determine suitable candidates to
compute line or band ratios and estimate the characteristic
energy of the precipitating electrons from one or several of these
ratios. For that purpose, simulations can be used and compared
to either observations obtained with various filters whose spec-
tral responses are known or with data from real spectrometers.
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