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Abstract: Auroral events are the prominent manifestation of solar/stellar forcing on planetary
atmospheres. They are closely related to the energy deposition by and evolution of planetary
atmospheres, and their observations are widely used to analyze the composition, structure, and
chemistry of the atmosphere under study, as well as energy fluxes of the precipitating particles that
affect the atmosphere. A numerical kinetic Monte Carlo model had been developed, allowing us to
study the processes of precipitation of high-energy auroral electrons into the N2-O2 atmospheres of
the rocky planets in the Solar and exosolar planetary systems. This model describes on a molecular
level the collisions of auroral electrons and atmospheric gas, taking into account the stochastic nature
of collisional scattering at high kinetic energies. The current status of the kinetic model is illustrated
in the applications to the auroral events on the Earth such as the production of suprathermal nitrogen
atoms due to the electron impact dissociation of N2. It was found that electron impact dissociation
of N2 can potentially be an important source of suprathermal N atoms in the auroral regions of the
N2-O2 atmosphere of terrestrial-type planets. Such research will allow us to study the odd nitrogen
chemistry as an atmospheric marker of the N2-O2 atmosphere of rocky exoplanets.

Keywords: terrestrial planet; auroral event; kinetic modeling

1. Introduction

The main component of the Earth’s atmosphere is N2, whose presence indicates the
availability of tectonic activity and is a unique property of the terrestrial planets in the Solar
System. The study of the origin of atmospheric nitrogen and its stability gives an idea of the
uniqueness of the habitat on Earth. The simultaneous existence of N2 and O2 in the Earth’s
atmosphere has no analogues in the entire Solar System. The various sources of atmospheric
nitrogen, the stability of nitrogen-dominated atmospheres and the development of the
early nitrogen atmosphere of the Earth were recently discussed in certain papers [1,2]. In
particular, it has been shown that the presence of an N2-O2 atmosphere is a clear biomarker
for aerobic life forms. The fact is that the primary atmospheres of such planets are easily
destroyed and a chemically stable mixture of N2-O2 can only be formed by strong secondary
sources of these molecules. The only currently known complex capable of providing such
massive secondary flows are aerobic life forms. Thus, the detection of an N2-O2 atmosphere
on an exoplanet orbiting in the habitable zone around a solar-type star is a strong sign of
the presence of a developed aerobic extraterrestrial biosphere [1,2].

To increase the probability of finding a real habitat similar to Earth, it is necessary
to find the rocky planets orbiting a solar-type star. Detecting N2 atmospheres remains a
challenging task. Due to the absence of a transient dipole moment, the N2 molecule has no
absorption features in the near-IR and optical spectra, and probably will not be remotely
detected [3]. So far, only a few molecules consisting of N, namely N2O and NO, are con-
sidered as possible biomarkers. The frequently discussed detection of N2O is complicated
by the fact that its infrared absorption lines are very weak (see, for example, [4,5]), and the
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transition lines of N2O and NO2 in the visible and near UV spectrum are overlapped by
strong lines of O2 and O3 [6].

The NO radical is a direct indicator of the atmosphere dominated by N2 and O2 since
its formation is a consequence of the presence of molecular nitrogen and oxygen as the
main components in the atmosphere of the planet [2]. The idea of using NO as a potential
biomarker was known earlier (see, for example, [7]), but the question of the possibility of
observing nitric oxide on exoplanets remains open. The fact is that NO is easily destroyed
by radiation, and in order to achieve a concentration sufficient for its identification in the
upper atmosphere, it is necessary to analyze not only the processes of formation and loss,
but also, as the example of the Earth shows, the dynamics of the upper atmosphere. To do
this, it is necessary to conduct a complex study of the chemistry and dynamics of nitric
oxide NO in the upper atmosphere using the modifications of the previously developed
kinetic Monte Carlo and the multi-component MHD models [8] to describe the evolution
of the N2-O2 upper atmospheres of the sub-neptunes and exo-earths under the influence of
hard radiation and stellar winds from the parent star.

Two mechanisms have been identified from observations as sources of nitric oxide
in the upper atmospheres of terrestrial-type planets. At high latitudes, the precipitation
of auroral electrons (1–10 keV) produces ionization that leads to the production of nitric
oxide [9]. At low latitudes, the predominant source is now thought to be solar soft X-
rays [10]. Space observations [11,12] confirm the presence of these two major sources of
nitric oxide in the upper atmosphere of Earth. The largest density of nitric oxide which
occurs at 106–110 km is produced by 1–10 keV electrons precipitating into the auroral
region (60–70◦ geomagnetic latitude). This source dominates in the auroral region, but
its influence extends to midlatitudes as well. During geomagnetic storms, nitric oxide is
present at midlatitudes equatorward of the auroral region [10,11].

Aurora is a spectacular manifestation of the link between our magnetized planet and
the plasma that constantly streams out from the Sun. Earth’s polar atmosphere is exactly
the area where solar-terrestrial connections are most intensely manifested. One of the most
important manifestations of this forcing is the auroral UV glow induced by the precip-
itation of the high-energy electrons, protons and hydrogen atoms into the atmosphere.
Different approaches have been used to describe the transport and energy deposition of
auroral electrons which are based on the analytical or numerical solutions of the Boltzmann
equation. The first group of models is based on the two-stream approximation in which
the upward and downward fluxes of electrons propagating along a magnetic field line
are described [13,14]. Further, this group was extended by numerical models based on
the multi-stream approach when the electron fluxes for a large number of pitch angles
are considered (e.g., [15,16]). Whereas the two-stream models are suitable for estimating
integrated quantities, such as excitation and heating rates, the multi-stream models are
usually required for comparison with observed electron fluxes or for studying anisotropy.
The second group of electron transport models involves the direct solution of the Boltz-
mann equation for suprathermal electrons (e.g., [17,18]). The third type of model is based
on the Monte Carlo approach, which is a stochastic method based on the tracking of nu-
merous model particles representing the auroral electrons with the high kinetic energies
(e.g., [19,20]). Detailed analysis of the electron transport codes and their applications to
auroral events could be found in the recent reviews (e.g., [21,22]).

The kinetic Monte Carlo model [20] of high-energy electron precipitation was devel-
oped with an aim to interpret the UV emissions observed in the upper atmospheres of
terrestrial planets. Such a model provides a statistical solution of the Boltzmann integro-
differential equation including sources and sinks of electrons. It has been validated in
comparisons with other numerical models of auroral precipitation and used to interpret
the airglow and auroral emissions in the upper atmospheres of terrestrial planets [23–25].

In the paper, we describe the modification of the kinetic Monte Carlo model [20],
which resulted in the calculations of source functions of suprathermal nitrogen atoms due
to the auroral electron precipitation. The detail of our kinetic Monte Carlo model and
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justifications of the model inputs are presented in Section 2. Section 3 shows the results
of simulation for two considered test cases—monoenergetic electron flux penetrating into
the upper atmosphere of the (exo)planet with monodirectional and isotropic pitch-angle
distributions at upper boundary for the Earth’s polar atmosphere. The energy spectra of
down- and upward fluxes of precipitating electrons, height profiles of the energy fluxes
of auroral electrons and the energy spectra of source functions for suprathermal nitrogen
atoms formed due to the electron impact N2 dissociation were presented and discussed.
Finally, a summary of our work and possible extension of the current study are given in
Section 4.

The proposed modification of the kinetic Monte Carlo model [20] of auroral electron
precipitation will allow us as a first step to calculate the production rates and energy
spectra of suprathermal nitrogen atoms formed in the N2 dissociation by precipitating
high-energy electrons. It was found that electron impact dissociation of N2 potentially
can be an important source of suprathermal N atoms in the auroral regions of the N2-O2
atmospheres of terrestrial-type planets. The calculated source functions will be used in our
next studies as an input to the kinetic Monte Carlo model [8] to investigate the kinetics
and transport of hot N atoms in the polar upper atmosphere with an aim to calculated the
steady-state energy distributions of suprathermal nitrogen atoms in the polar regions of
the planetary atmospheres under study. Finally, all these steps will allow us to estimate
the input of hot fractions into the odd nitrogen chemistry in the N2-O2 atmospheres of
terrestrial-type exoplanets with the final aim being the search for habitable worlds.

2. Materials and Methods
2.1. N2-O2 Atmosphere

The study of the atmospheres of exoplanets has recently achieved impressive suc-
cess [26,27]. Using spectroscopy methods for exoplanet transits implemented on space and
ground-based observation facilities, a large amount of information was obtained about the
composition and structure of the atmospheres of exoplanets, mainly hot jupiters and nep-
tunes (see, e.g., [8,26,27]). Even more success should be expected in the near future—most
of the current and future space missions now place the study of exoplanets as one of the
main mission goals.

There are only a few investigations that have thoroughly studied the reaction of
the nitrogen-dominated atmosphere to exposure to XUV radiation for early Earth and
Earth-type exoplanets [28,29]. From these studies, it follows that the modern terrestrial
atmosphere of N2-O2 would not have been stable in the Hadean and early Archean eons
and, therefore, would have had to grow to its current mass later. In these studies, it was
found that such an atmosphere begins to expand adiabatically for a certain range of the flux
of hard stellar XUV radiation; for the Earth, this is usually about 5–6 times higher than the
modern solar flux in the XUV radiation range (XUV
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[28], which leads to high thermal rates of atmospheric loss. M-stars
remain very active, probably for a billion years or even longer [30,31]. Any nitrogen-
dominated atmosphere on exoplanets orbiting such stars will not survive its high-activity
phase of the parent star, and the planet will probably lose most of its volatiles before it can
theoretically maintain an Earth-like atmosphere.

The radical NO is a direct indicator of the atmosphere dominated by N2-O2 since its
formation is a consequence of the presence of molecular nitrogen and oxygen as the main
components in the atmosphere of the planet. It is known from modern studies of the upper
and middle atmosphere of the Earth that radical NO plays an important role in the structure
and energy budget of the upper atmosphere of the Earth. NO is a polar molecule and
therefore effectively emits in the infrared range and is considered as an important source
of radiation cooling in the upper atmosphere. When transferred to lower altitudes, NO
catalytically destroys ozone. Its atmospheric chemistry is characterized by a set of chemical
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reactions involving both N2 and O2. The so-called odd chemistry of nitrogen—N(4S), N(2D)
и NO—is described by a simple set of chemical reactions in the upper layers of the Earth’s
atmosphere (see, e.g., [32,33]). Nitric oxide is formed in chemical reactions with dissociation
products of N2 with O2 and is lost in collisions with atomic nitrogen N(4S, 2D), reproducing
N2 molecules. The production and loss of NO clearly depend on the relative amounts of
nitrogen atoms in the excited and ground states. This simple chemical set is a rigid set
of thermal chemical reactions and is usually expanded by additional reactions involving
suprathermal nitrogen atoms [32] formed in the dissociation and dissociative ionization by
solar soft X-rays in the Earth’s upper atmosphere [34].

Observations of NO luminescence in planetary atmospheres are usually made in the
ultraviolet and infrared ranges using space instruments. The most noticeable signs of NO in
the ultraviolet spectrum are gamma-lines in the wavelength range of 205.3–247.9 nm [11].
Another notable feature of NO is its fundamental line at 5.3 microns, usually observed,
for example, in the thermospheric infrared airglow in the upper layers of the Earth’s
atmosphere at altitudes from 130 km to 190 km by various space instruments [35,36]. All
these features of atmospheric NO luminescence indicate that observations of ultraviolet
NO radiation in the atmospheres of exoplanets are quite real. If the possibility of NO
observations becomes clear, then there will be a unique opportunity to detect signs of
a developed aerobic extraterrestrial biosphere, which will bring us one step closer to
answering the question of how unique aerobic forms of life on Earth are.

We studied the odd nitrogen chemistry in the Earth’s upper atmosphere [32–34], and
when for the first time, the contribution of suprathermal nitrogen atoms to the chemistry of
odd nitrogen was taken into account. Since then, the situation has improved somewhat, as
several satellites have been launched, partly aimed at investigating this problem [12,36].

2.2. The Kinetic Monte Carlo Model for Electron Precipitation
2.2.1. Physical Processes

The fresh energetic electrons of magnetospheric origin are transported in the polar
thermosphere and lose their kinetic energy in elastic, inelastic and ionization collisions
with ambient atmospheric gas—e(E) + X → {e(E′) + X; e(E′) + X*; e(E′) + X+ + e(Es)}.
Here, E and E′(<E) are the kinetic energies of primary electron before and after collision;
X = O2, O, N2; X* and X+ are atmospheric species in excited and ionized states; Es is energy
of secondary electron formed in the ionizing collision. Precipitating electrons cause the
formation of emission features due to electron impact excitation, ionization and dissociative
excitation. In the model, we take into account the physical processes given in Tables A1–A3
in Appendix A. The electron impact cross sections for N2, O2, O were taken from the
compilations [37–40]. For partial ionization cross sections, we use the approximative
formulas from [41,42].

The auroral electron transport model operates in a spatial dimension, an angular
dimension, and Vx, Vy and Vz velocity dimensions. The spatial dimension is along a
magnetic field line, and the angular dimension is the pitch angle to that field line. Other
than an interpolation “mesh” in energy and altitude for calculation of cross sections and
densities and tabulation of results, there is no explicit gridding or binning of an electron’s
location in space. In our model, we use the constant grid on energy from 0 to 100 keV with
grid step 1 eV. If the collision produces ionization, a secondary electron is created and an
isotropic pitch angle is randomly assigned as well as an energy, using an integral form of
the approximate formula of [42] based on the laboratory results of [43].

At low energy, elastic cross sections become so much larger than inelastic cross sections
that an electron makes repeated collisions without losing significant energy. Transport is
generally negligible in this regime, except at the highest altitudes, so the way this is dealt
with in the Monte Carlo code is that below 2 eV, local energy deposition is assumed. For
inelastic collisions, we use the forward scattering approximation: it is assumed that the
differential cross section for these collisions is so strongly peaked in the forward direction
that angular redistribution by this process is negligible. This is a good approximation at all
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energies but the lowest energies. Below 100 eV can be considerable backscatter, particularly
from forbidden excitation transitions, but the flux becomes so isotropic and the relative size
of the elastic cross sections becomes so large that this has little effect on the final pitch angle
distribution. The underlying assumptions are those characteristic of collisional electron
transport models: that electric field acceleration and gravity have negligible effect; that the
electrons are confined to spiral paths around a magnetic field line characterized by a pitch
angle distribution, and that wave-plasma interactions are unimportant in the thermosphere.
The magnetic field variation, i.e., magnetic line convergence in Earth’s polar regions, was
taken into account by conservation of the adiabatic invariant in the model.

2.2.2. Kinetic Description

In the model, the fresh electrons lose their excess kinetic energy in collisions with
other atmospheric particles and are distributed in the transition region between the ther-
mosphere and the exosphere. Their kinetics and transport is described by the kinetic
Boltzmann equation:

v
∂

∂r
fe + s

∂

∂v
fe = Qe, aur(v) + Qe,sec(v) + ∑

m=O,O2,N2

J( fe, fm),

where fe(r,v), and fm(r,v) are the distribution functions by velocities v for electrons, and
components of ambient gas at space point r, respectively. The left side of the kinetic equation
describes the transport of electrons in the planetary gravitational and/or magnetic fields s.
This force could be expressed as s = (g + e/me[v× B]), where g is a gravitational acceleration
force, e and me are electron charge and mass and B—the intensity of the planetary magnetic
field. In the right-hand side of the kinetic equation, the Qe,aur term describes the source of
auroral electrons due to the precipitation at upper boundary, and the Qe,sec term describes
the formation rate of secondary electrons. The elastic and inelastic scattering terms J for
electron collisions with ambient atmospheric species are written in a standard form [44]. It
is assumed that the ambient atmospheric gas is characterized by local Maxwellian velocity
distribution functions.

Kinetics of aeronomic processes in rarefied atmospheric gas can be formulated as the
statistical behaviour of an ensemble of atoms, molecules and their ions under influence of
solar electromagnetic and corpuscular radiation. For a given set of elementary processes,
the microscopic kinetic description of the atmospheric particle ensemble is characterized
by energy distribution functions, populations of quantum levels and energy exchange
in the collisional processes. The dynamical evolution of this ensemble is described by
transport processes.

The kinetic Monte Carlo method is an efficient tool for atmospheric kinetic systems in
stochastic approximation [44,45]. The details of the algorithmic realization of the kinetic
Monte Carlo model could be found in [20,45]. In numerical simulations, the evolution
of the system of modelling particles due to collisional processes and particle transport is
calculated from the initial to the steady state. The relative importance of the collisional
processes is governed by their cross sections.

2.2.3. Numerical Realization of Kinetic Monte Carlo Model

The direct methods of solving the Boltzmann kinetic equation consist of setting up and
solving a system of equations for the probabilities of all possible paths of the suprathermal
particles in the ambient atmospheric gas. Unfortunately, this direct procedure can be
performed only for a few very simple physical and chemical systems [45] and involves
enormous computational difficulties for real systems.

The Monte-Carlo method, which consists of generating a sample of paths for the
state of suprathermal particles, is an efficient tool for studying such complex physical
and chemical systems in the stochastic approximation. The path generation procedure is
much simpler—a sequence of transitions between the states of suprathermal particles in
the atmospheric gas and transition-separating times should be drawn based on the proper
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probability distributions. To perform this procedure, a homogeneous jump-like Markovian
process is substituted with an equivalent homogeneous Markovian chain, where transitions
between its states in time t are caused by collisions of suprathermal particles with the
atmospheric atoms and molecules. This equivalent substitution form the basis for the
algorithmic implementation because the procedure for numerically implementing the chain
could be rigorously defined [44,45]. Such procedure is an analog Monte-Carlo algorithm for
solving the kinetic Boltzmann equation for suprathermal particles—high-energy electrons,
protons and hydrogen atoms [20,46,47]. Because the analog Monte-Carlo method for its
solution is linear, the dynamical, physical and chemical parameters of the suprathermal
particles in the atmospheric gas are calculated by averaging the realizations of the paths of
the random process, states of which simulate the transport and collisions of suprathermal
particles with surrounding atmospheric gas.

3. Results of Calculations
3.1. Energy Spectra of Precipitating Electrons

The calculations were conducted for the Earth’s polar atmosphere, and the runs
were made for two test cases—monoenergetic flux of precipitating electrons with energy
E0 = 1.0 keV; additionally, (b) the pitch-angle distribution for precipitating electrons was
take as (a) a monodirectional one (strictly downward flux) and (b) an isotropic one [48],
e.g., the following values were used E0 = 1.0 keV, Q0 = 1.0 erg cm−2 s−1 for the electron
flux at an upper boundary at 700 km in the Earth’s polar atmosphere. The magnetic field
variation, i.e., magnetic line convergence in Earth’s polar regions, was taken into account
by conservation of the adiabatic invariant in the model.

In the numerical simulations, the evolution of the system of modelling particles due to
collisional processes and particle transport is calculated from the initial to the steady state.
The region of the Earth’s upper atmosphere under study (between 80 km and 700 km) was
divided into N radial cells. In order to minimize boundary effects, the lower boundary was
set at an altitude 80 km and the upper boundary was set at 800 km where the atmospheric
gas flow is practically a collision-free one. The altitude distributions of the main neutral
species—O2, N2, and O, and their temperature—were adopted with the MSISE-90 reference
model [49]. For the validation runs, the model atmosphere was calculated for the day
29.12.1975 at noon local time. The value of latitude was equal to 37◦, and of longitude—
to 0◦. The solar and geomagnetic conditions were at a low level corresponding to F10.7 = 75,
and Ap = 15.

The developed kinetic Monte Carlo model of auroral electron transport allows us to
calculate energy distribution functions (EDFs) in the region under study. The structure of
the EDF is defined by the set of collisional processes, which were taken into account in the
model, electron transport (see Tables A1–A3) and input of precipitating flux. As an example
in Figure 1a,b the steady-state energy spectra of down- and upward fluxes for auroral
electrons at heights of 140 km (where the maximum of the electron energy deposition is
observed) and 230 km are presented. From Figure 1a,b, it is clear seen that at low altitudes
the energy spectra of both down- and upward fluxes are characterized by the Maxwellian
cores that indicate the dominance of local electron energy deposition at these altitudes.
Nevertheless, the presence of high energy precipitating electrons is well seen even at low
altitudes. Upward flux at higher altitudes is defined by transport of thermalized electrons
from a dense atmosphere. The presence of precipitated electrons is still seen even at 140 km
(Figure 1a), which means that even in the dense thermosphere for correct consideration, it
is necessary to use the non-LTE methods and kinetic equations. The presence of the high
energetic tail is extremely important for calculations of the electron energy deposition and
emission rates.
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Figure 1. (a) Energy spectra of downward (top panel) and upward (bottom panel) fluxes of auroral
electrons calculated at height of 148 km. Auroral electrons are represented by monoenergetic flux
with energy E0 = 1 keV and are characterized by monodirectional (black lines) and isotropic (blue
lines) pitch-angle distributions at the upper boundary. (b) Same as (a) but at height 230 km.

Height profiles of the calculated downward (solid lines) and upward (dashed lines)
energy fluxes of auroral electrons are shown in Figure 2. The vertical dotted line shows the
value of initial electron energy flux of 1 erg cm−2 s−1 transferring into the upper atmosphere
at a height of 700 km—the upper boundary condition. It is seen that the electrons penetrate
rather deep into the polar atmosphere with the main region of the deposition being below
200 km. The backscattered flux is low comparing with the precipitating flux—about two
orders of magnitude for monodirectional pitch-angle distribution and about one order of
magnitude—for isotropic pitch-angle distribution for electrons penetrating into the upper
atmosphere at a height of 700 km.

The calculated energy spectra of precipitating electrons could be used to estimate the
parameters of auroral events such as electron energy deposition rates, emission excitation
rates and formation rate of thermal and suprathermal atoms and molecules due to the
electron impact. As concerns the odd nitrogen chemistry in the polar regions of N2-O2
atmospheres, the auroral electron precipitation could be considered as an important source
of atomic nitrogen [9–12,50] in the different electronically excited states due to the electron
impact dissociation of molecular nitrogen N2:

e(E) + N2(X1Σ+
g)→ e(E′) + N(4S) + N(4S,2D,2P) (1)

Here, E and E′ < E are the kinetic energies of auroral electron before and after collision,
and N(4S,2D,2P) are the nitrogen atoms in the ground and metastable electronic states. As
it follows from laboratory studies (see, e.g., [51,52]), the electron impact dissociation of
molecular nitrogen results in the formation of nitrogen atoms with an excess of kinetic
energy and in the different states of electronic excitation. In our calculations, we used the
laboratory data on the energy-dependent cross sections of reaction (1), the energy spectra
of fresh nitrogen atoms formed in reaction (1) and branching ratios for the formation of N
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in the ground and electron excited states provided in papers [51,52]. The reaction (1) can be
considered as an source term

QNh(h,E) = qNh(h) × fNh(h,E)

for the kinetic Boltzmann equation describing production, kinetics and transport of
suprathermal nitrogen atoms in the polar upper atmosphere (see, e.g., [44,45]). Here,
qNh(h) is the production rate of suprathermal N(4S) atoms in the reaction (1) at height h,
and fNh(h,E) is the normalized to unity energy spectrum of the N(4S) production rate at
height h. As an example, Figure 3 shows the height profiles of the calculated production
rates qNh(h) of suprathermal nitrogen atoms N(4S) formed in the electron impact dissoci-
ation of atmospheric N2 molecules for two considered test cases. The calculated energy
spectra of suprathermal N atoms are given in the bottom panel in Figure 3 at a height
of 148 km, where the maximum of electron energy deposition is found. It is seen that
fresh nitrogen atoms formed due to the electron impact N2 dissociation are populating the
region of suprathermal energies (ambient atmospheric gas temperature was about 730 K at
a height of 148 km in the model atmosphere used) and their energy spectra are strongly
non-equilibrium. Therefore, to calculate the input of suprathermal nitrogen atoms into the
odd nitrogen chemistry and, especially, in the formation of nitric oxide NO, it is necessary
to solve the kinetic Boltzmann equation, taking into account both kinetics and transport of
suprathermal N atoms in the polar atmosphere [32,44].
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Figure 2. Height profiles of the calculated downward (solid lines) and upward (dashed lines) energy
fluxes of auroral electrons. Auroral electrons precipitate as the monoenegetic flux at characteristic
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angle distributions at the upper boundary. The vertical dotted line shows the value of initial energy
flux of 1 erg cm−2 s−1 of electrons penetrating into the upper atmosphere at height of 700 km—the
upper boundary condition.
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Figure 3. (top panel) Height profiles of the production rate of suprathermal nitrogen atoms formed
in the electron impact dissociation of atmospheric N2 molecules. (bottom panel) Calculated energy
spectra of suprathermal N atoms formed at height of 148 km. Auroral electrons precipitate with
energy E0 = 1 keV and are characterized by monodirectional (black lines) and isotropic (blue lines)
pitch-angle distributions at the upper boundary.

3.2. Source Functions of Hot N Atoms from the N2 Electron Impact Dissociation

Production of nitric oxide in collisions between thermal and/or suprathermal nitro-
gen atoms and oxygen molecules is an important process in odd nitrogen atmospheric
chemistry [53–55],

N(4S) + O2(X3Σ−g)→ NO(X2Π) + O(3P) (2)

This reaction together with the highly endothermic reaction,

O(3P) + N2(X1Σ+
g)→ NO(X2Π) + N(4S) (3)

constitute the well-known Zeldovich mechanism of nitrogen oxidation [56]. Due to an
activation energy of about 0.3 eV, reaction (2) proceeds slowly at room temperatures. Thus,
only energetic N atoms react with O2 at temperatures of the ambient atmosphere. The non-
equilibrium energy distribution function of the nitrogen atoms has been investigated for
the midlatitude Earth’s atmosphere [34,55,57] and it has been established that a significant
population of hot nitrogen atoms is created. To determine their contribution to the formation
of NO, the cross-section for reaction (2) as a function of the energy of relative motion
is needed. However, the relatively large exothermic energy of about 1.4 eV results in
production of NO with high vibrational-rotational excitation. Infrared emission from
rovibrationally excited NO is considered to be an important mechanism for the night-time
cooling of the thermosphere and much effort has been devoted to the determination of
rovibrational level populations of NO resulting from (2) (see, e.g., [35]).

Reaction (2) has been extensively studied in a large number of experimental (see,
e.g., [58]) and theoretical (see, e.g., [36,59,60]) investigations. The experimental studies
have focused on two aspects: first, to evaluate thermal rate coefficients over a wide range
of temperatures from 300 to 5000 K, and second, to determine the rovibrational level
populations of the NO products. There are some available experimental data about thermal
rate constants and NO vibrational distributions. Two compilations of kinetic data cover a
wide range of temperatures: 1.5 × 10−11 × e−3600/T cm3 molecule−1 s−1 at 280–910 K [61]
or 1.5 × 10−14 T × e−3270/T cm3 molecule−1 s−1 at 298–5000 K [62]. In the paper [63],
the following value 1.45 × 10−16T1.6 × e−2894/T cm3 molecule−1 s−1 at temperatures
300–5000 K of rate coefficient for reaction (2) was provided as an approximation of the
experimental measurements and theoretical calculations.
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Calculations [57] have shown that reaction (2) dominates NO production at altitudes
above 120 km and the reaction between electronically excited N(2D) atoms and O2 domi-
nates at lower altitudes, but in these calculations, the transport of suprathermal N(4S) was
not taken into account. This effect could be important for auroral regions of terrestrial
planets [50].

Basing on the calculated source functions for the electron impact N2 dissociation, it is
possible to estimate the kinetic characteristics of the endothermic reaction (2). We calculated
the differential rate coefficients for the source function QNh(h,E) of the suprathermal N
atoms, namely

dk
dE

(E) = v(e)σ(E) fNh(h, E)

where v(E) is the relative velocity of interacting particles in (2), σ(E)—is the energy-
dependent cross section for reaction (2). Results of theoretical calculations of this reaction
cross section [59,60] were used to estimate the differential rate coefficient dk

dE (E) for reac-
tion (2).

Results of our calculations are given in Figure 4. The differential rate coefficients for
reaction (2) with the source functions for two test cases of auroral electron precipitation
are shown in the top panel of Figure 4. The height profiles of integrated rate coefficients
RNh =

∫ dk
dE (E)dE were presented in the bottom panel. For comparison, the thermal rate

coefficients for reaction (2) were also shown. From this comparison, it is seen that electron
impact dissociation of N2 can potentially be an important source of suprathermal N atoms
in the auroral regions of N2-O2 atmospheres of terrestrial-type planets. Moreover, further
calculations of the steady-state energy distributions for suprathermal N(4S) atoms will
allow us to estimate the possible input into the nitric oxide NO formation, because as it
follows from Figure 4 non-thermal rate coefficients for reaction (2) and could be much
higher than thermal ones. To obtain the estimates of this input, it is necessary to calculate
the input of suprathermal N atoms through the reaction (2) into the odd nitrogen chemistry.
This procedure realization is in progress and the results of calculations will be presented in
the near future.
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Figure 4. (top panel) Differential rate coefficients for chemical reaction between suprathermal Nh(4S)
atoms and molecular oxygen O2 resulting in formation of nitric oxide NO calculated at height of
148 km. (bottom panel) Height profiles of the non-thermal rate coefficients calculated for the source
function of the chemical reaction (2). Auroral electrons precipitate with monoenergetic spectrum at
characteristic energy E0 = 1 keV, and are described by monodirectional (black lines) and isotropic
(blue lines) pitch-angle distributions at the upper boundary. The thermal rate coefficients for reaction
(2) are also shown by the brown line [61], red line [62] and magenta line [63].
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4. Discussion

The kinetic Monte Carlo model [20] for auroral electron precipitation was modified and
updated with an aim to calculate the source functions of suprathermal atoms formed in the
electron impact dissociation of the main atmospheric molecules—N2 and O2. Calculations
were performed for two test cases of electron precipitation in the Earth’s polar atmosphere—
a monoenergetic electron flux at the upper boundary with a givenmonodirectional or
isotropic distribution of the pitch angle. It should be noted that the measured energy
spectra and pitch-angle distributions of the precipitating electrons usually have quite
arbitrary shapes but can be successfully reproduced in the kinetic model by superposition
of the test distributions considered in this paper (see, for procedure details, [34,55]). The
energy spectra of down- and upward fluxes of precipitating electrons, and height profiles
of the energy fluxes of auroral electrons were calculated. These data allow us to estimate
the energy spectra of source functions for suprathermal nitrogen atoms formed due to
the electron impact N2 dissociation. It was found that electron impact dissociation of N2
potentially can be an important source of suprathermal N atoms in the auroral regions of
the N2-O2 atmospheres of terrestrial-type planets.

The presented modification of the kinetic Monte Carlo model [20] of auroral electron
precipitation could be considered as a first step resulting in the calculations of the produc-
tion rates and energy spectra of suprathermal nitrogen atoms formed in the N2 dissociation
by precipitating high-energy electrons. In our future studies, these source functions will be
used as an input to the kinetic Monte Carlo model [8] to investigate the kinetics and trans-
port of hot N atoms in the polar upper atmosphere with an aim to calculate the steady-state
energy distributions of suprathermal nitrogen atoms in the polar regions of the planetary
atmospheres under study. Finally, all these steps will result in understanding of the input
of hot fractions to the odd nitrogen chemistry in N2-O2 atmospheres of terrestrial-type
exoplanets and to reveal the relationship of the potential atmospheric biomarker of nitric
oxide NO with the fraction of suprathermal particles. The chemistry and dynamics of NO
in N2-O2 atmospheres of hot sub-neptunes and exo-earths will be studied using the current
and earlier developed kinetic Monte Carlo models [64–66], designed to investigate the
kinetics and transport of suprathermal particles in planetary atmospheres. In addition, in
our future studies, the recently developed multi-component MHD model [67] will be used
to calculate the effect of the stellar wind on the process of destruction of nitric oxide and the
removal of NO from the upper atmosphere by the polar wind. Finally, this will allow us to
calculate the distribution of nitric oxide NO in the upper atmosphere of the terrestrial-type
exoplanet depending on the activity level of the host star and to assess the possibility of
observing this potential atmospheric biomarker.

Progress in observational capabilities and the launch of space telescopes will allow
in the near future to carry out transit spectroscopy of relatively small planets in a wide
range of wavelengths from UV to IR range. Sub-neptunes and exo-earths located in low
orbits to the parent star are the objects well-suited to study the formation of secondary
N2-O2 atmospheres. Their sufficiently hot atmospheres, heated by the radiation of the host
star, are in the mode of gas-dynamic outflow—photo-evaporation—as a result of which
the absorption region in the resonant lines of the evaporated elements should significantly
exceed the optical size of the planet. Accordingly, it becomes possible to observe such
potential biomarkers as nitric oxide NO in the UV range. The most important feature of
this study is a possibility to verify the developed numerical models in calculations of NO
concentrations in the Earth’s polar atmosphere where the extended database on nitric oxide
observations and measurements exists [11,12].
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Appendix A

The following electron impact processes, which were taken into account in the kinetic
Monte Carlo model for high-energy electron precipitation, are listed in Tables A1–A3 for
the main atmospheric species—N2, O2 and O. The energetic threshold and maximum value
of cross section for each process were taken from compilations [37–40] and are also given
in Tables A1–A3.

Table A1. Electron impact on N2.

Process Threshold, eV σmax (×10−19), cm2

Momentum transfer 0 2300

Rotational excitation J = 0→2 0.0015 210

Total vibrational excitation 0.29 2000

Excitation to A3Σu
+ 6.17 240

Excitation to B3∏g 7.35 330

Excitation to W3∆u 7.36 320

Excitation to B′3Σu
− 8.16 120

Excitation to a′1Σu
− 8.4 90

Excitation to a1∏g 8.55 340

Excitation to w1∆u 8.89 110

Excitation to b1∏u 12.5 200

Excitation to b′1Σu
+ 12.9 160

Excitation to c1∏u 12.1 250

Excitation to c′41Σu
+ 12.9 140

Excitation to C3∏u 11.0 520

Excitation to E3Σg
+ 11.9 130

Excitation to a”1Σg
+ 12.3 70

Total ionization 15.6 280

N + N production 9.76 130

Table A2. Electron impact on O2.

Process Threshold, eV σmax (×10−18), cm2

Momentum transfer 0 1150

Excitation of vibrational levels 0.3 59.8

Excitation to 13Πg 7.6 7

Excitation to B3Σu 8.3 60.6

Excitation to 8.9 eV peak 8.9 14.5

Excitation to second band 3Σ 10.3 1.0
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Table A2. Cont.

Process Threshold, eV σmax (×10−18), cm2

Excitation to a1∆u 1.0 8.7

Excitation to b1Σu
+ 1.6 3.5

Excitation to longest band 3Σ 10.0 6.8

Excitation to A1Σu
+ + A′3∆u + c1Σu

− 4.5 17.3

Excitation to Rydber’s states 16.0 140.9

Total ionization 12.1 297.8

Table A3. Electron impact on O.

Process Threshold, eV σmax (×10−18), cm2

Momentum transfer 0 779.1

Excitation to O(1D) 1.96 25.1

Excitation to O(1S) 4.17 2.2

Excitation to O(5S0) 9.29 11.5

Excitation to O(3S0) 9.53 17.2

Excitation to O(5P0, 3P0, 5S0, 3D0, 5S0, 3′D0) 12.1 9.5

Ionization to O+(4S) 13.6 50.9

Ionization to O+(2D) 16.9 55.

Ionization to O+(2P) 18.6 29.5
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