N

N
N

HAL

open science

Modeling of diffuse auroral emission at Mars:
Contribution of MeV protons

Yuki Nakamura, Naoki Terada, Frangois Leblanc, Ali Rahmati, Hiromu

Nakagawa, Shotaro Sakai, Sayano Hiruba, Ryuho Kataoka, Kiyoka Murase

» To cite this version:

Yuki Nakamura, Naoki Terada, Francois Leblanc, Ali Rahmati, Hiromu Nakagawa, et al.. Modeling
of diffuse auroral emission at Mars: Contribution of MeV protons. Journal of Geophysical Research

Space Physics, 2022, 127 (1), pp.e2021JA029914. 10.1029/2021JA029914 . insu-03517910

HAL Id: insu-03517910
https://insu.hal.science/insu-03517910

Submitted on 10 Jan 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://insu.hal.science/insu-03517910
https://hal.archives-ouvertes.fr

O© 0 N O O &= W N =

e e e e e
~N O O WD = O

18
19

20
21

22
23
24

Modeling of diffuse auroral emission at Mars: Contribution of MeV protons

Yuki Nakamura'-?, Naoki Terada', Francois Leblanc?, Ali Rahmati3, Hiromu Nakagawa',

Shotaro Sakai'#, Sayano Hiruba!, Ryuho Kataoka>®, and Kiyoka Murase>®

!Graduate School of Science, Tohoku University, Sendai, Japan

2LATMOS/CNRS, Sorbonne Université, Paris, France

3Space Sciences Laboratory, University of California, Berkeley, CA, USA

“Planetary Plasma and Atmospheric Research Center, Graduate School of Science,
Tohoku University, Sendai, Japan

National Institute of Polar Research, Tokyo, Japan

%The Graduate University for Advanced Studies, SOKENDALI, Kanagawa, Japan

Corresponding author: Yuki Nakamura (yuki.nakamura.r2(@dc.tohoku.ac.jp)

Key Points:

e A Monte Carlo model was developed to investigate the contributions of
precipitating electrons and protons to the diffuse auroral emission.

e Proton-induced CO," UVD emissions have lower peak altitudes than electron-

induced emissions.

e The MAVEN/IUVS limb emission profiles of CO," UVD during two SEP
events were reproduced by considering the contribution of SEP protons.
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Abstract (236 words/ up to 250 words)

The Solar Energetic Particle and Imaging UltraViolet Spectrograph (IUVS) instruments
onboard the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft discovered
diffuse aurora that span across the nightside of Mars due to the interaction of solar
energetic particles (SEPs) with the Martian atmosphere. However, it is unclear whether
the diffuse aurora originates from energetic electrons or protons. We have developed a
Monte Carlo model to calculate the limb intensity profile of the CO," ultraviolet doublet
(UVD) due to precipitation of energetic electrons and protons with energy ranges from
100 eV to 100 keV and from 50 keV to 5 MeV, respectively. We used electron and proton
fluxes observed by MAVEN during the December 2014 SEP event and the September
2017 SEP event. Our results showed that proton-induced CO,* UVD emission has a lower
peak altitude than electron-induced CO>" UVD emission. The calculated peak altitudes
of the CO>" UVD limb profiles are 76 km and 68 km in the December 2014 event and the
September 2017 event, respectively. Extending the energy to 500 keV for electrons and
20 MeV for protons further improved our comparison to the [UVS observations. We have
succeeded in reproducing peak altitudes and shapes of the observed CO," UVD limb
profiles using the SEP flux observed by MAVEN. This was possible by taking into
account the contribution of energetic protons, indicating that both energetic electrons and

protons contribute to producing the observed diffuse aurora.

1. Introduction

Solar energetic particles (SEPs) can easily penetrate deep into the atmosphere owing to
insufficient magnetospheric and atmospheric shielding of Mars (Leblanc et al., 2002).
Penetration of SEPs into the Martian atmosphere leads to increased ionization, heating of
the atmosphere and alteration of the atmospheric chemistry (Leblanc et al., 2002; Jolitz
et al. 2017; Haider and Masoom, 2019; Gérard et al., 2017; Lingam et al., 2018). One of
the consequences of the interaction of SEPs with the Martian atmosphere is the

production of auroral emissions (Schneider et al., 2015).

There are three types of aurora that have been identified on Mars: discrete aurora, proton
aurora, and diffuse aurora. The discrete aurora was first detected by the Mars Express in
the crustal magnetic field region (Bertaux et al., 2005) and is believed to be caused by the
acceleration of electrons due to the electric potential along open magnetic field lines

(Brain et al., 2006). The discrete aurora is characterized by a strongly localized patch-like
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morphology of the emissions and a peak altitude of approximately 120 km, which
indicates that precipitation of a few keV electrons causes the discrete aurora (e.g., Bertaux
et al., 2005). The proton aurora was first detected by the Mars Atmosphere and Volatile
EvolutioN (MAVEN) spacecraft on the dayside of Mars (Deighan et al., 2018; Ritter et
al., 2018). Proton aurorae are produced by solar wind protons that are neutralized by
charge exchange with exospheric hydrogen atoms outside the Mars’ induced
magnetosphere. They travel without losing energy up to the atmosphere, where they
collide with Mars’ main atmospheric constituent, CO>, become excited and produce
Lyman-o emissions. These proton aurorae are visible preferentially during the dayside
southern summer solstice (near the solar longitude (Ls), which is 270° when the Mars
hydrogen exosphere is the densest) and display a brightness profile peaking at an altitude
of approximately 120 km (Hughes et al., 2019).

Recently, MAVEN discovered a new type of aurora, namely, diffuse aurora, that spans
the Mars nightside and results from the interaction of SEPs with the Martian atmosphere
(Schneider et al., 2015, 2018). This new type of diffuse aurora on Mars is characterized
by global brightening and by its low peak altitude of ~60 km, which indicates that more
energy is deposited deep in the Martian atmosphere than previously observed. Previous
models suggested that 100 keV of monoenergetic electron precipitation should have been
at the origin of the low altitude (~60 km) peak of the limb emission; however, no model
was able to reproduce the observed emission profiles by using the observed energetic
electron flux (Schneider et al., 2015; Gérard et al., 2017; Haider and Masoom, 2019).
Previous auroral emission models did not take into account the contribution of MeV
proton precipitation, although MeV protons can penetrate down to ~70 km altitude as
well (Jolitz et al., 2017). Observations of SEP electron and ion fluxes with the Solar
Energetic Particle instrument during the aurorae observed by Imaging UltraViolet
Spectrograph (IUVS) instruments onboard MAVEN suggested that both electron and
proton energetic populations could have been at the origin of the diffuse aurora (Schneider
et al., 2018).

We have developed a Monte Carlo model of Particle TRansport In Planetary atmospheres
(PTRIP). PTRIP describes the motion of electrons, protons and hydrogen atoms in the
Martian atmosphere. We calculated the limb intensity profile of the CO;" ultraviolet
doublet (UVD) due to precipitating electrons and protons with energies ranging from 100
eV - 100 keV and 50 keV - 5 MeV, respectively, as observed by MAVEN during the
December 2014 SEP event and September 2017 SEP event.
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2. Model Description

PTRIP is a Monte Carlo model that is designed to examine the transport and collisions of
electrons, protons and hydrogen atoms that precipitate into the Martian atmosphere. The
key assumptions in this study are as follows: (1) we ignore the effects of the electric and
magnetic fields on the particle trajectory, (2) atmospheric particles are at rest with respect
to incident particles, (3) each incident particle is independent and does not collide or
interact with other incident particles, and (4) initial incident angles with respect to the
atmosphere are isotropically distributed over one hemisphere directed vertically
downward. PTRIP solves the three velocity components of the particle but takes into
account only the trajectory of the particle along the altitude. Incident particles are traced
below an altitude of 500 km. This study focuses on the emission rate of CO," UVD with
an ionizing threshold energy of ~18 eV, so particles below 15 eV are suppressed from the

simulation.

2.1 Monte Carlo Transport Model
In PTRIP, a random number is used to determine whether there is a collision at each time
step for each incident particle. The collision probability P. for a particle traveling along

a distance Al is expressed as:

P.=1—exp [— Z ns(1) oI (E) Al] (1)

where ng(l) is the number density of the sth atmospheric species at particle location I,
ol (E) is the total collisional cross section of the sth atmospheric species for particle
energy E, and Al = |vAt|, where v is the absolute velocity of the particle and At is
the time step. A collision occurs if a random number determined from a uniform
distribution in a range [0, 1] is less than P.. Since P, is the sum of the probabilities for
n collisions during At (n =1, 2, 3, ...), the accuracy of the collision probability
depends on At. At is determined so that the number of collisions not taken into account
during At is less than 0.01, which requires P. to be less than 0.1 (Vahedi and Surrendra,
1995). If a collision occurs, another random number is used to determine the type of
collision so that the probability of each type of collision is weighted by the ratio of the
frequency of each type of collision to the total collision frequency (Vahedi and Surrendra,
1995).
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Several inputs are required by PTRIP. Regarding the incident particles, we need to define
the initial type (electron or proton), the initial energy and the number of incident particles.
The initial energy of electrons is a set of 16 logarithmically spaced energy bins in a range
[100 eV - 100 keV], and the initial energy of protons is a set of 11 logarithmically spaced
energy bins in a range [50 keV - 5 MeV]. The number of incident particles at each incident
energy is selected to be 1000. Regarding the atmospheric species and their interactions
with the incident particles, we defined the atmospheric neutral density profiles, the
inelastic and elastic cross sections, energy loss, scattering angle distributions, and the
produced secondary electron energy. In this study, we use the atmospheric density profiles
for the 5 main species (CO2, CO, Nz, Oz and O) from the nightside of the northern
hemisphere as calculated by the Mars Climate Database (MCD) version 5.3 (Millour et
al., 2018). CO, is the most important constituent in this study because we focus on the
ionization of CO; to generate CO>" UVD emissions. Figure 1 shows atmospheric neutral
density profiles used in this study for the December 2014 SEP event and September 2017
SEP event. The solar longitude (Ls) was 255° (near perihelion) on 20 December 2014 and
60° (near aphelion) on 13 September 2017, corresponding to the season of atmospheric
inflation and contraction on Mars, respectively (e.g., Forget et al., 2009). The solar
activity and the dust load are set to be average. The latitude and local time are set to be
35°N, 00:00, respectively, to match the IUVS observation geometry when the diffuse
aurora profile was obtained (Schneider et al., 2015). The CO2 number density at an
altitude of 80 km was 8.5 10" m> on 20 December 2014 and 3.1 X 10" m= on 13
September 2017. Other inputs regarding the interactions of incident particles with

atmospheric species are explained in the following sections.

(a) Dec. 2014 SEP event (b) Sep. 2017 SEP event
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Figure 1(a) Atmospheric density profile on 20 December 2014 and (b)
atmospheric density profile on 13 September 2017 used in the Monte

Carlo simulations. These density profiles were calculated by the Mars
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Climate Database.

2.2 Collisional Cross Sections

PTRIP takes into account elastic and inelastic cross sections of impacting electrons,
protons and hydrogen atoms with atmospheric species. First, we describe the elastic and
inelastic cross sections due to electron impacts. We calculate the total elastic cross
sections of CO», CO, Nz, O, and O by the formula of Yalcin et al. (2006), which is
applicable to 1 keV - 1 MeV. Below 1 keV, we use the total elastic cross section of CO»
recommended by Itikawa (2002), of CO recommended by Itikawa (2015), of N>
recommended by Itikawa (2006), of O, recommended by Itikawa (2009) and of O in
Porter et al. (1978, 1987). The analytic fits of differential ionization cross sections of CO2
are taken from Bhardwaj and Jain (2009), including the production of 4 excited states
(X2, A%, B%Z,", and C2X,"), dissociative ionization, and double ionization. The
analytic fits of the differential ionization cross sections of N2, Oz and O are taken from
Jackman et al. (1977). The accuracy of the energetic electron transport model depends on
the accuracy of the ionization cross section of CO; because energetic electrons lose
energy mostly by ionizing collisions with CO». The total ionization cross section of CO»
used in this study was ~3.0 x 1022 m? at 100 keV, which agrees well with the observed
value of ~3.2 x 1022 m? at 100 keV by Rieke and Prepejchal (1972). The analytic fits of
differential excitation cross sections of CO» are taken from Bhardwaj and Jain (2009).
For the fundamental three vibrational excitations of CO», (010), (100), and (001), within
the energy range of 1.5 eV to 30 eV are taken from Itikawa (2002).

Second, we describe the elastic and inelastic cross sections due to proton impacts. The
differential screened Rutherford cross section for the elastic scattering of protons by

atoms without correction for relativistic effects can be expressed as:

do (E.9) = ( Ze )2 1 @

aq ™’ 8megE) (1 — cosO + 2n)?

where Q is the solid angle, Z is the atomic number of the target particle, e is the
elementary charge, &, is the permittivity in space, E is the incident proton energy in
units of eV, @ is the scattering angle, and 7 is the screening parameter. The screening

parameter 7 is expressed as (Nigam et al., 1959):
2

n = %(1.12 L) 3)

2ma
where A is the de Broglie wavelength (A = h/p, h is the Planck constant and p is

momentum of a proton) and a is the Fermi radius of the atom (a = 0.885a,Z~/3, a,
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is the Bohr radius a, = 5.29x10!" [m]). The total elastic cross section can be expressed

by integrating equation (2) over the solid angle (:

Ze \? T

o(E) = <8n£0E> n(1+n) )

For the study of proton transport in a planetary atmosphere, the differential and total
elastic cross sections from Kallio and Barabash (2001) have been widely used in many
models (e.g., Fang et al., 2013; Jolitz et al., 2017) and are based on the observation of
hydrogen atom-impact elastic cross sections up to 5 keV (Newman et al., 1986; Noé€l and
Prolss, 1993). The observed differential elastic cross section of 5.34 MeV proton impacts
on carbon atoms at a scattering angle of 60 degrees is 3.2x10° m? (Shute et al., 1962);
however, the differential elastic cross section from Kallio and Barabash (2001) for
incident 5.34 MeV proton at a scattering angle of 60 degrees is 8.2x10"27 m?, which is
calculated by the formula described in Kallio and Barabash (2001); this value is 3 orders
of magnitude larger than the observed value reported by Shute et al. (1962). The
differential elastic cross section of carbon for an incident 5.34 MeV proton at the
scattering angle of 60 degrees calculated by equation (2) is 2.6x10-° m?, which is in good

agreement with the observed differential elastic cross section from Shute et al. (1962).

The analytic fit of the differential ionization cross section of CO» due to proton impacts
are taken from Rudd et al. (1983), including the production of 4 excited states (XTI,
A’M1,, B%Z,", and C?%,"). The analytic fits of differential ionization cross sections of CO,
N2 and O are also taken from Rudd et al. (1983). The total ionization cross section of O
is taken from Basu et al. (1987) for above 2 keV and from Haider et al. (2002) for below
2 keV. The analytic fits of differential charge exchange cross sections of CO, above 10
keV are taken from Rudd et al. (1983), including the production of 4 excited states (X?I1g,
A’M1,, B2Z,", and C?%,"). The total charge exchange cross section of COz below 10 keV
is taken from Haider et al. (2002), and the branching ratio is assumed to be the one for a
10 keV proton in Rudd et al. (1983). The analytic fits of differential charge exchange
cross sections of CO, Nz and O; are taken from Rudd et al. (1983). The total charge
exchange cross section of O is taken from Basu et al. (1987) for above 1 keV and Haider
et al. (2002) for below 1 keV.

Finally, we describe the elastic and inelastic cross sections due to hydrogen atom impacts.
The total elastic cross sections are calculated by the formula of No€l and Prolss (1993),
and the parameters for this formula are taken from Kallio and Barabash (2001). Since

there is almost no information on the hydrogen atom-impact inelastic cross sections of
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CO,, we approximated these cross sections. The total ionization and electron stripping
cross sections of CO; are assumed to be identical to the hydrogen atom impact total
ionization and electron stripping cross section of O, as in many previous studies (e.g.,
Kallio and Barabash, 2001; Jolitz et al., 2017). The total ionization and electron stripping
cross sections of O are taken from Basu et al. (1987) for above 1 keV and from Haider
et al. (2002) for below 1 keV. The branching ratio of CO," (B?Z,") to total CO; ionization
1s assumed to be 0.1, which is identical to the branching ratio due to proton impacts (Rudd
et al., 1983). The total ionization and electron stripping cross sections of CO are also
assumed to be identical to those of O». The total ionization and electron stripping cross
sections of N are taken from Kozelov et al. (1992). The total ionization cross section of
O is taken from Basu et al. (1987) for above 2 keV and Haider et al. (2002) for below 2
keV, and the electron stripping cross section of O is taken from Basu et al. (1987) for
above 10 keV and from Haider et al. (2002) for below 10 keV. The cross section of CO»

with hydrogen atoms leading to Lyman-a emission is taken from Haider et al. (2002).

2.3 Energy Loss, Scattering Angle, and Secondary Electron Energy

If a collision occurs, the energy loss, scattering angle and secondary electron energy are
calculated for each type of collision. If a collision is elastic, the scattering angle and
energy loss are calculated. The scattering angle distribution of electrons is taken from
Porter et al. (1987) at low energy (COz: below 500 eV, CO: below 800 eV, O2: below 500
eV, Na: below 1 keV, and O: below 1 keV) and calculated by the formula of Yalcin et al.
(2006) above these energies. The scattering angle of electrons is calculated randomly by
using these scattering angle distributions (e.g., Solomon, 2001). The scattering angle of
protons can be randomly calculated by using the differential elastic cross section in
equation (2). The scattering angle distribution of hydrogen atoms is calculated by the
formula of Noél and Prolss (1993), and the parameters for this formula are taken from
Kallio and Barabash (2001). The scattering angle of hydrogen atoms is calculated
randomly by using this scattering angle distribution (Noél and Prélss, 1993). Energy loss
in elastic collision is calculated by solving equations of energy and momentum

conservation in a binary collision.

If a collision is inelastic, incident particles lose a fixed amount of energy equal to the
energy threshold for ionization, excitation, charge exchange, electron stripping and
Lyman-a. Threshold energies are taken from the references of cross sections as already
explained in the previous section. In all inelastic collisions, the scattering angle is

assumed to be 0 with the assumption of strong forward-peaked scattering (Solomon,
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2001). If a collision leads to ionization, the incident particle also loses the amount of
energy associated with the produced secondary electron. Secondary electron energy due
to an electron impact is randomly calculated by the formula of Green and Sawada (1972)
and Jackman et al. (1977). The secondary electron energy due to a proton impact is
randomly calculated by the formula of Solomon (2001). The secondary electron energy
due to a hydrogen impact is also calculated by this method. If a collision leads to electron
stripping from a hydrogen atom, the calculated secondary electron energy is in the rest
frame of the hydrogen atom, which is then converted to the energy in the rest frame of
the atmosphere. All the produced secondary electrons are added to the simulation.
Electrons lose energy to thermal electrons via Coulomb collisions. The energy transfer
rate from incident electrons to thermal electrons is calculated by the formula of Swartz et
al. (1971).

2.4 Method for Converting Particle Trajectories into Flux

The collision rate as a function of altitude z for the jth collision type (e.g. ionization
rate) of the sth atmospheric species in an SEP event, PSj (2), can be calculated by
integrating the collision rate of the incident flux of 1 cm™ s*! for incident energy E, asa
function of altitude p_g (z,E,) weighted by the energy flux spectrum f(E,) cm? s!

observed by MAVEN:
P/(2) = j £ (Eo) Pl (2, Eo) dE, ©

In the Monte Carlo model, the collision rate p_! (z,E,) can be calculated by counting the
number of collisions leading to ionization with atmospheric particles in a given cell;
however, this counting method is noisy at high altitudes where the collision frequency is
small, and minor types of collisions that do not occur frequently. We convert the
trajectories of all the particles into a flux and mean pitch angle of the incident particles as
a function of altitude and energy. The ionization rate can then be calculated by using the
flux, mean pitch angle, neutral density and collisional cross section. The flux and mean
pitch angle are determined at each altitude z (0 < z <500 km with 1 km resolution) and
energy grid E (15 < E < E, eV, logarithmically spaced with 10 energy bins in one
digit). The collision rate of the jth collision type of the sth atmospheric species within a
cell of [z,z + Az]X[E, E + AE] of the incident energy E, with the incident flux at the

top of the model of 1 em? s, pJ(z, E,) cm™ s, can be expressed by using the flux as:
Y s

j _ o o [0T@EE) | ¢z E E)
k) = n@) | ol (O Ty | ¢ ©

where ng(z) is the number density of the sth atmospheric species at the altitude grid of
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Z, asj (E) is the cross section of the jth collision type of the sth atmospheric species at
the energy grid of E, ¢*(z,E,E,) and ¢~ (z,E,E,) are upward and downward fluxes
with the incident flux of the incident energy E, at the top of the model of 1 cm? s’
within a cell of [z, z + Az]x[E, E + AE], respectively, and g*(z,E,E,) and i~ (z, E, Ey)
are the mean cosine pitch angles of upward and downward moving particles within a cell

[z,z + Az]¥[E, E + AE] for incident energy E,, respectively.

We constructed a method of converting all particle trajectories into fluxes in the following
flow: (1) converting the trajectory of a single particle into a flux and (2) taking the average
of all the fluxes converted from each particle’s trajectory. In Figure 2a, the red line
illustrates the trajectory of a single particle in the altitude-energy frame. To convert the
trajectory into a flux, one particle is injected (red dot in Figure 2a) per second, and all the
particles follow the same trajectory. The flux is always 1 cm™ s at every point of the
trajectory. In Figure 2b, the initial downward flux at the cell [z, z + Az]|x[E,E + AE]is 1
cm? s if a particle enters the cell [z, z + Az]x[E, E + AE] with negative vertical velocity,
and vice versa. For better understanding, another example of a trajectory is shown in
Figure 2c. The initial flux 1 cm™ s! works well when a particle crosses the whole cell
without being backscattered (an enlarged view of a cell in Figure 2g). The initial flux
overestimates the flux if a particle does not cross the whole cell without being
backscattered (e.g., a cell with a blue frame in Figure 2b and an enlarged view of a cell
in Figure 2h), and underestimates the flux if it returns to the cell (e.g., a cell with a blue
frame in Figure 2¢ and an enlarged view of a cell in Figure 2i) and if it is frequently
backscattered within the cell (e.g., an enlarged view of a cell in Figure 2j), respectively.
The overestimation and underestimation of the initial flux can be improved by
multiplying the flux of 1 cm™ s™! by the ratio between the vertical length L traveled by
the particle within the cell, and the vertical cell size Az, L/Az. The vertical length L
within the cell can be calculated numerically by L = Z|vzi|Ati within the cell, where
v,, is the vertical velocity of the ith particle and At; is a time step size (Figure 2d). For
example, for the downward flux, L is calculated numerically by summing |vzi|Ati at
each time step within the cell only if the particle moves downward (v,, < 0). If a particle
crosses the whole cell and is not backscattered into this cell, the flux is kept at 1 cm™ s!
(Figure 2g: L 1is the length of a vertical purple bar). If a particle does not cross the whole
cell without being backscattered, the flux is then less than 1 (e.g., a cell with a blue frame
in Figure 2e, and an enlarged view of a cell in Figure 2h: L is the length of a vertical
purple bar). If a particle re-enters the cell or if it is frequently backscattered within the

cell, the flux is then more than 1 cm™ s”! (e.g., a cell with a blue frame in Figure 2f, and

10
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an enlarged view of a cell in Figure 2i and 2j: L is the sum of the length of vertical purple
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Figure 2 Schematic illustration of the method of converting the trajectory
of a single particle (red lines) into a flux (see text for details). (g-j) The
vertical purple bars represent the vertical length that traveled by a

downward moving particle within the cell.

Finally, this flux of a single incident particle is calculated for each of the N incident

particles, and taking average of all the converted fluxes yields the expressions of the

upward and downward fluxes at each cell, corresponding to the flux of 1 cm™ s! at the
top of the atmosphere (Figure 2e and 2f). The upward and downward fluxes for an initial

energy E, with the model topside incident flux of 1 cm™

¢~ (z,E, E,), respectively) are expressed as:

11

S_l (¢+(Z, E; EO) and
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The upward and downward mean cosine pitch angles of the ith particle (i*(z, E, Ey)
and g~ (z,E,E,)) at the cell [z,z + Az]|X[E,E + AE] are calculated by averaging the
upward and downward cosine pitch angles, respectively. Averaging i*(z, E, E,) and
i~ (z,E,E,) for all particles that enter the cell [z,z + Az]X[E, E + AE] gives the mean
cosine pitch angles of upward and downward particles i*(z, E,E,) and g~ (z,E, E,),
respectively. Examples of the calculated upward and downward fluxes, the mean cosine
pitch angles, and a comparison of the two methods of deriving the ionization rate,
counting the number of ionization collisions and using the converted fluxes, are shown
in Figure S1-S5 in the supplementary materials. The ionization rate calculated by the

method using the converted fluxes is in very good agreement with the counting method.

2.5 Limb Intensity of CO," UVD

The focus of this study is to derive the limb intensity profile of CO," UVD emissions.
CO," UVD is emitted by the transition of CO>" from the B2Z," state to the ground state
X?I1,. The transition from CO>" (B2Z,") has another branch of transition to the A°I1, state.
We considered the branching ratio of the reaction leading to CO," UVD emission to be
equal to 0.5 (Fox and Dalgano, 1979; Bhardwaj and Jain, 2013; Haider and Masoom,
2019). The CO>" UVD volume emission rate is identical to the production rate of CO>"
(B%Z,") multiplied by the branching ratio 0.5. The limb intensity profile of the CO," UVD
volume emission rate, which can be directly compared to the observations by
MAVEN/IUVS, is then calculated by integrating the CO>" UVD volume emission rate
along the line of sight in the limb geometry.

3. Instruments

The instruments used to constrain the electron and proton fluxes at the model topside are
the Solar Energetic Particle (SEP) and Solar Wind Electron Analyzer (SWEA) onboard
MAVEN.

12
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The SEP instrument consists of two sensors: SEP1 and SEP2. Each sensor consists of a
pair of double-ended solid-state telescopes to measure 20-1000 keV electrons and 20-
6000 keV ions in four orthogonal directions with a field of view of 42° X 31° (Larson et
al., 2015). The directions are labeled ‘1F’, ‘1R’, ‘2F* and ‘2R’, where ‘1’ and ‘2’ denote
the SEP instrument sensors (SEP1 and SEP2, respectively), and ‘F’ and ‘R’ denote the
‘forward’ FOV and ‘reverse’ FOV, respectively (Larson et al., 2015). The SEP instrument
data used in this study correspond to Level 2 data provided by the Planetary Data System
(PDS) (Larson et al., MAVEN SEP Calibrated Data Product Bundle, https://pds-
ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPl/maven.sep.calibrated/data/spec).

The SWEA instrument is a symmetric, hemispheric electrostatic analyzer designed to
measure the energy and angular distributions of solar wind electrons and ionospheric
photoelectrons in the Martian environment (Mitchell et al., 2016). The instruments
measure electron fluxes in the energy range of 3 eV - 4.6 keV (Mitchell et al., 2016). The
SWEA instrument data used in this study correspond to Level 2 data provided by the PDS
(Mitchell et al., MAVEN SWEA Calibrated Data Bundle, https:/pds-
ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPl/maven.swea.calibrated).

Note that we assume isotropic pitch angle distribution of electrons and protons obtained
by SEP and SWEA. For electrons, we used SEP electrons > 30 keV and SWEA <5 keV,
with interpolation between those values. For protons, we used SEP ions > 50 keV because
the sensitivity of the SEP ion is low below 50 keV.

We used the median value of the electron and proton fluxes obtained by SEP and SWEA
instruments of the orbit 437 for the December 2014 SEP event. The orbit 437 was chosen
because the observed auroral emission was the brightest (Schneider et al., 2015). The
channel of the SEP instrument was selected as 1F; the electron and proton fluxes of the
SEP instrument were used only when the SEP instrument attenuator was open. The
electron and proton flux spectra for the December 2014 SEP event used in this study are

shown in Figure 4 (a).

So far, the September 2017 SEP event has been the strongest solar energetic particle event
detected by the SEP instrument at Mars. The high fluxes of energetic electrons and ions
during this event caused the instrument mechanical attenuator to automatically close in

order to reduce the detected flux of particles and prevent saturation of the instrument.
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However, the flux of highest energy particles (above a few MeV) that can penetrate the
instrument housing (and the attenuator) was strong enough to contribute to a significant
portion of the differential energy flux measured by SEP at the range of energies that are
typically associated with particles that can be stopped by the attenuator. The level of
background is less severe for the time periods when the SEP attenuators were open so
that it was possible to apply fitting procedures in order to remove this background present
in the data. We fit a series of theoretical ion and electron spectra to the measurements in
all of the SEP energy channels, including coincidence events that are mainly caused by
penetrating particles. In our fitting, we use a realistic model of the instrument geometric
factor and find the ion and electron spectra that produce the best match with the
measurements. The results are shown in Figure 3. The electron and proton flux spectra
for the September 2017 SEP event used in this study are shown in Figure 4 (b). Note that
since the electron and proton fluxes used for the September 2017 SEP event was taken
from the timing just before the flux peak and auroral emission peak, the resulting modeled
auroral emission intensity should be small compared with the [UVS observation reported
by Schneider et al. (2018). For this event, we do not focus on the absolute auroral
emission intensity but on the relative intensity of electron- and proton- induced emissions

and on the shapes of the auroral emission profiles.

— SWEA
SEP2eF
| T | T SEP2eR
10 — —SEP2pF
- - -SEP2pR
» —fite
T 10 ——fitp
g —
L
"
T 10° —
N‘E [
o 2|
> 10
<
> L
o}
T
102 —
I !

10° 10* 10
Energy (keV)
2017-09-12/15:00
2017-09-12/17:30

Figure 3 FElectron and proton fluxes measured by SEP and SWEA
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/MAVEN from 15:00UT to 17:30UT on 12 September 2017. Green line
shows the electron flux observed by SWEA. The cyan solid and dashed
lines show the electron fluxes observed by the SEP2 sensor in the
forward and in the reverse directions, respectively. The violet solid and
dashed lines show the proton fluxes observed by the SEP2 sensor in the
forward and in the reversed directions, respectively. The blue solid line
is the fit used in this paper for the electron fluxes and the red solid line

is that for the proton fluxes.
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Figure 4 (a, b) Electron and proton fluxes for the December 2014 SEP
event and the September 2017 SEP event that were used in this study,
respectively.
4. Results
4.1 Validation

Since the numerical codes of PTRIP were newly developed, we first compare our model
of electron transport with Gérard et al. (2017). The altitude profile of CO> is taken from
Gérard et al. (2017). For simplicity, we ignore other species of the atmosphere in this test
calculation. Our model uses the scattering angle distributions for elastic scattering with
the CO; of Porter et al. (1987) for below 500 eV and that of Yalcin et al. (2006) for above
500 eV. Since Gérard et al. (2017) used the value of Porter et al. (1987) even at high
energies, we performed validation calculations for two cases: (1) case 1 used the Porter
et al. (1987) scattering angle distribution at all energies, and (2) case 2 used the Porter et
al. (1987) value for below 500 eV and the Yalcin et al. (2006) value for above 500 eV.
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The electron flux at the top of the model is 1 mW m™ for all incident energies, which is

set to be the same as Gérard et al. (2017). The incident angle is isotropically distributed.

Figure 5 (a, b) shows the calculated CO," (B>Z,") production rate for the two cases, and
(c, d) shows the calculated limb intensity of CO>" UVD for the two cases. In case 1, the
production rate of CO>" (B?Z,") and the limb intensity of CO>" UVD are the largest at 2
keV and decrease with incident energy above 2 keV. This trend is also visible with the
Gérard et al. (2017) value. The peak limb intensity of CO," UVD in case 1 is 30 kR at 2
keV and 10 kR at 100 keV, which is in good agreement with Gérard et al. (2017). In case
2, the production rate of CO," (B?Z,") and limb intensity of CO," UVD are almost
constant above 500 eV. The production rate of CO>" (B?Z,") at 100 keV in case 1 is 4
times smaller than that in case 2. The penetration altitude of electrons in case 1 is higher
than that in case 2. The difference between the two cases comes from the different
scattering angle distributions. Figure 6 shows the backscatter probability of electrons at
each incident energy for the two cases. In case 1, the backscatter probability increases
with incident energy above 500 eV and reaches ~80% at 100 keV. In case 2, the
backscatter probability is almost constant at ~ 30% above 2 keV. In case 1, since the same
scattering angle distribution is used above 500 eV, electrons with higher energy have more
chances to change of direction because they experience more elastic collisions. In case 2,
since scattering becomes more forward-peaked at high energy, the backscatter probability
does not increase at high energy. The production rate of CO," (B%Z,") and limb intensity
of CO," UVD in case 1 at high energy are smaller than those in case 2 because electrons
are more likely to be backscattered before they lose energy via ionization. There remains
discrepancy in the penetration altitude of electrons between case 1 and Gérard et al.
(2017); the possible reasons are the different total elastic cross section and ionization
cross section used in the two models. However, the penetration altitude of electrons
during the December 2014 SEP event in our calculation (in case 2) is consistent with

Haider and Masoom (2019), as explained in Section 4.2.
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492 Figure 5 (a, b) Production rate of CO>" (B*Z,") due to electron impacts
493 for each incident electron energy in case 1 and case 2. Case 1 uses the
494 elastic scattering angle distribution of Porter et al. (1987) for all energies,
495 and case 2 uses Porter et al. (1987) below 500 eV and Yalcin et al. (2006)
496 above 500 eV. (c, d) Limb intensity profile of CO>" UVD in case 1 and
497 case 2, respectively. The model topside incident electron flux is 1 mW
498 m at each incident energy for the two cases.
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Figure 6 Backscatter probability of different incident electron energies

in case 1 and case 2.

Our model of proton and hydrogen atom transport is also compared with previous models.
Several models have been proposed for proton and hydrogen atom transport in the
Martian atmosphere: a model of fast neutral hydrogen atoms (hereafter called KBO1)
(Kallio and Barabash, 2001), the Stopping and Range of lons in Matter model (hereafter
called SRIM) (Leblanc et al., 2002), and the Atmospheric Scattering of Protons and
Energetic Neutrals (hereafter called ASPEN) (Jolitz et al., 2017). KBO1, SRIM and
ASPEN were previously compared in Leblanc et al. (2002) and Jolitz et al. (2017) using
the test calculation of incident 800 eV neutral hydrogen atoms. One thousand hydrogen
atoms of 800 eV were isotropically injected into the Martian atmosphere. Our model
predicts that 27% of the energy is deposited into ionization, which agrees with KBO1
(27%) and ASPEN (26%). We found that 26% and 24% of energy is deposited into
electron stripping and Lyman-a emission, respectively, which agree with KBO1 (26% and
30%, respectively). We found that 19% of the energy was deposited into direct neutral
heating via elastic collision, which is in close agreement with KB01 (14%), SRIM (16%)
and ASPEN (13%). Our model found that 57% of hydrogen atoms were backscattered,
which agrees with KB01 (58%) and is larger than ASPEN (32%) and SRIM (10%).

For proton transport, our model uses the differential and the total elastic cross sections

18



523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

543
544
545
546

described in equations (2) and (4), while ASPEN used the differential and the total elastic
cross sections from KBO1, and it predicted that the backscatter probability of protons
increases with incident energy above 100 keV, reaching more than 60% at 5 MeV. Since
they used the scattering angle distribution from KBO1 that does not depend on the proton
energy, higher energy protons experience so many elastic collisions that they are more
likely to change of direction. We tested the proton backscatter probability for two cases:
case A used the same differential and total elastic cross section of protons and hydrogen
atoms as KBO01, and case B used the differential and total elastic cross section of protons
described in equations (2) and (4) and those of hydrogen atoms from KBO1. The
backscatter probabilities of different incident proton energies in the two cases are shown
in Figure 7. In case A, the backscatter probability of protons increases with incident
proton energy above 200 keV and reaches more than 60% at 5 MeV, which is in close
agreement with ASPEN. In case B, the backscatter probability is close to that in case A
below 100 keV, but it decreases with incident proton energy and reaches nearly 0% at 5
MeV because the scattering becomes more likely to be forward-peaked at higher energy.
As described in Section 2.2, since KB0O1 overestimated the differential elastic cross
section of MeV protons by a few orders of magnitude at large scattering angles, case A
significantly overestimated the backscatter probability, which leads to the
underestimation of the ionization rate at low altitudes where MeV protons deposit energy

into the atmosphere.
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Figure 7 Backscatter probability of different incident proton energies in

case A and case B. Case A uses the differential cross section, and the total

elastic cross section from KBO1 and case B uses the screened Rutherford
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elastic cross section.

4.2 Production Rate of CO," (B2Z,") During SEP Events

Figure 8 represents the calculated production rate of CO>" (B%Z,") with an incident flux
of 1 ecm™ s7! at each incident energy of electrons and protons at the top of the model on
20 December 2014 and on 13 September 2017. The penetration altitude of electrons in
our calculation was compared with Haider and Masoom (2019). They calculated the
ionization rate during the December 2014 SEP event and found that the ionization rate by
100 keV electrons peaks at an altitude of 75 km. The peak altitude of the ionization rate
by 100 keV electrons is 75 km in our model, which is precisely consistent with Haider
and Masoom (2019). For protons, the penetration altitude of 5 MeV protons is
approximately 55-65 km, which is approximately 10-20 km higher than Jolitz et al. (2017).
The possible reasons for the discrepancy between our model and Jolitz et al. (2017) are
the different atmospheric density profiles, which are not described in Jolitz et al. (2017).
Different scattering angle distributions in the elastic collision can also explain this
discrepancy with Jolitz et al. (2017) because the smaller differential elastic cross section
at a large scattering angle used in PTRIP implies a smaller deviation of the protons when

traveling radially and therefore a deeper penetration.

The penetration altitude at each incident energy is approximately 10 km lower for the
September 2017 SEP event than for the December 2014 SEP event. The Ls was 255°
(near perihelion) on 20 December 2014 and 60° (near aphelion) on 13 September 2017,
corresponding to the season of atmospheric inflation and contraction on Mars,

respectively (e.g., Forget et al., 2009).
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Figure 8 (a, b) Production rate of CO," (B*Z,") with an incident flux of
1 cm? s7! for each incident energy of electrons at the top of the model
during the December 2014 SEP event and September 2017 event,
respectively, and (c, d) those of protons during the December 2014 SEP
event and September 2017 SEP event, respectively. Note that not all
incident energies in the model are shown here to make the figure easier

to read.

Figure 9 shows the calculated production rate of CO2" (B?X,") for each incident energy
of electrons and protons during the December 2014 SEP event and September 2017 SEP
event according to equation (5) by using the production rate with an incident flux of 1
cm? s at each incident energy (Figure 8) and electron and proton fluxes observed by
MAVEN (Figure 4). A comparison of the total production rate of CO," (B?Z,") between
incident electrons and protons during these two SEP events is shown in Figure 10. During
the SEP event in December 2014, the largest contribution to the production rate of CO>"
(B’Z,") due to electron impact occurs at an altitude of approximately 110 km,
corresponding to the incident 3-10 keV electrons (Figure 9a). The largest contribution to

the production rate of CO2" (B?Z,") due to proton and hydrogen atom impacts occurs at
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80 km altitude by incident 2 MeV protons (Figure 9c). The production rates of CO;"
(B%Z,") by electrons and protons both have a peak value of 10 cm™ s! during this SEP
event. During the SEP event in September 2017, the largest contribution to the production
rate of CO2" (B?Z,") due to electron impact occurs at 70 km altitude by incident 100 keV
electrons. The largest contribution to the production rate of CO>" (B?Z,") due to proton
and hydrogen atom impacts occurs at 70 km altitude by incident 3 MeV protons. The
production rate of CO>" (B%Z,") by electrons and protons has peak values of 20 cm™ s™!
and 40 cm™ 57!, respectively. For both SEP events, the production rate of CO>" (B?Z,") is
dominated by proton impacts below 100 km altitude and by electron impacts above 100
km. It is noted that the limitation of the energy range of PTRIP could affect our simulation
of the September 2017 SEP event. The production rate of CO," (B?Z,") due to
precipitation of both electrons and protons increases with an incident energy up to near
the upper limit of the energy range of the calculation. A higher energy than considered in
our model would increase the CO," (B?Z,") production rate at lower altitudes, which
could result in a lower peak altitude and a larger peak production rate than that shown in
Figure 10. Incident energy of protons are limited above 50 keV due to the observational
limitation of the SEP instrument. Protons below 50 keV could contribute to the production
of COy" (B%Z,") at altitudes above ~110 km, but their contribution can simply be
speculated to be less than 1/100 of the peak value due to MeV protons according to Figure
9.

22



612
613
614
615
616
617
618
619
620

621
622

(

(

altitude [km]

Q

)180

altitude [km]

160 |

140
120

100 |

80
60

40
1

Dec. 2014 SEP event (electron)

T
100 ev
200 ev
300 ev

100 kev

073 10”

2

107t

10

0

101 10
3

C02+(B22u+) production rate [cm ~ s

2
-1

(b) 150

altitude [km]

]

160

Sep. 2017 SEP event (electron)

80 F Soo kev |

60 F .

4 0 L ol | M| M| m
1073 1072 107! 10° 10! 107

C02+(B22u+) production rate [cm ™~ s 7]

C) Dec. 2014 SEP event (proton) (d) Sep. 2017 SEP event (proton)
180 T R o 180 T R T o
50 keY 50 key
_ 160 100 kev | _ 160 | 100 kev |
£ 140 o B 140 \ 0 kev |
g 120 5 Mev | % — N
o 100 41 3 |
i D
Yy 80 ] — ]
0] [0
60 E E
4 0 N L | | L | L I 4 0 | | | | L L
102 1072 107! 10° 10t 102 102 1072 107t 10° 10t 102
C02+(B22u+) production rate [cm_3 s_l] C02+(B22u+) production rate [cm_3 s_l]

Figure 9 (a, b) Production rate of CO," (B%Z,") due to precipitation of
electrons during the December 2014 SEP event and September 2017
event, respectively, and (c, d) those of protons during the December 2014
SEP event and September 2017 SEP event, respectively. These
production rates are calculated by using the energy flux observed by
MAVEN/SEP and SWEA. Note that not all incident energies in the

model are shown here to make the figure easier to read.
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Figure 10 (a, b) Total production rate of CO,>" (B?Z,") (black) and the
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contribution of impacting electrons (purple) and protons (green) during
the December 2014 SEP event and September 2017 SEP event,

respectively.

4.3 CO;" UVD Limb Intensity Profiles During SEP Events

The limb intensity profile of CO>" UVD emissions is calculated by integrating the volume
emission rate of CO," UVD along the line of sight in the limb geometry. As mentioned in
Section 2.5, the volume emission rate of CO>" UVD is estimated by multiplying the
production rate of CO," (B2X,") by 0.5. Figure 11 shows the limb intensity profile of CO>"
UVD for each incident energy of electrons and protons during the December 2014 SEP
event and September 2017 SEP event.

During the SEP event in December 2014, electron-induced CO>" UVD emissions are
largest at approximately 110 km with an intensity of 1 kR, produced essentially by 3-10
keV electrons. As suggested by previous models of diffuse aurora during the December
2014 SEP event (Schneider et al., 2015; Gérard et al., 2017; Haider and Masoom, 2019),
100 keV electrons reasonably produce CO," UVD emissions at low altitudes (70-80 km),
as observed by MAVEN; however, the total electron-induced emissions do not peak at
low altitudes because low-energy electrons produce brighter emissions at higher altitudes.
While electron-induced CO," UVD emission peaks at a high altitude of ~110 km, proton-
induced CO," UVD emission peaks at a low altitude of ~80 km with an intensity of 1 kR
due to 1 MeV protons.

During the September 2017 SEP event, electron-induced CO>" UVD emissions are largest
at approximately 70 km with an intensity of 1 kR due to 100 keV electrons. Proton-
induced CO>" UVD emission peaks at low altitudes of ~65 km with an intensity of 2 kR
due to 3 MeV protons. For both SEP events, the electron-induced CO," UVD emission
profile covers an altitude range between 60 and 140 km, while the proton-induced CO,*
UVD emission profile has a narrower altitude range (between 60 and 100 km) owing to

the difference in the electron and proton spectral shape as shown in Figure 4.
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Figure 11 (a, b) Limb intensity of CO>" UVD due to precipitation of
electrons for differential incident energies during the December 2014
SEP event and September 2017 SEP event, respectively, and (c, d) those
of protons during the December 2014 SEP event and September 2017
SEP event, respectively. Note that not all incident energies in the model

are shown here to make the figure easier to read.

We compared our model results with the observations of CO," UVD limb intensity
obtained by Schneider et al. (2015) and Schneider et al. (2018) for the December 2014
SEP event and September 2017 SEP event, respectively. Figure 12 (a) shows the
calculated limb intensity profile of CO," UVD emissions and the observed profiles during
the SEP event in December 2014. The calculated total CO>" UVD limb intensity is 2 times
larger than the observation. Our calculated altitude profile peaks at 76 km, which is very
close to the observed peak at ~70 km. Figure 12 (b) shows the calculated limb intensity
profile of CO>" UVD emissions and the observed profiles during the SEP event in
September 2017. Since we used the electron and proton flux at the time before the flux

peak and auroral emission peak, the calculated limb profiles were multiplied by a factor
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of 8 to match the observed emission intensity. Our calculated altitude profile peaks at 68

km, which is 10 km higher than the observation.
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Figure 12 (a, b) Total limb intensity of CO>" UVD (black) and
contribution of impacting electrons (purple) and protons (green) during
the December 2014 SEP event and September 2017 SEP event,
respectively. Observed profiles are taken from Schneider et al. (2015)
and Schneider et al. (2018) in the December 2014 SEP event and
September 2017 SEP event, respectively. Note that the calculated limb
profiles for the September 2017 SEP event were multiplied by a factor

of 8 to match the observed emission intensity.

5. Discussion

Even if we found a good agreement between observations and simulations (Figure 12),
there are several limits when comparing modeled with observed profiles. The results
displayed in Figure 12 depend first on the cross sections and ionizing branching ratio of
the H-CO; collision. Since we assumed that most of the cross sections for H-CO; used
are identical to the cross sections for H-O; collisions, our calculations might be impacted
by this assumption. Another aspect that may have affected our calculations is that we
assumed the branching ratio of CO>" (B2X,") to the total CO, ionization due to hydrogen

atom impacts to be 0.1.

As already mentioned in Section 4.2, the upper limit of the energy range considered in
PTRIP could limit our capability to compare the results of our simulation to the IUVS
observations. Extrapolating the cross sections (see Text S1 in the supplementary

materials) and the electron and proton flux considered in this paper allow us to provide a
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first estimate of the potential contributions to the emission due to electrons above 100
keV and protons above 5 MeV. For the December 2014 SEP event, since the electron and
proton fluxes observed by MAVEN/SEP is limited below 200 keV and 6 MeV,
respectively, we simply extrapolated the electron flux above 200 keV and proton flux
above 6 MeV logarithmically to estimate the contribution of energetic electrons up to 500
keV and energetic protons up to 20 MeV. For the September 2017 SEP event, fitting
results of the electron and proton fluxes shown in Figure 3 was used to estimate the
contribution of energetic electrons up to 500 keV and energetic protons up to 20 MeV.
Figure 13 shows the limb intensity profile of CO," UVD for each incident energy of
electrons up to 500 keV and protons up to 20 MeV during the December 2014 SEP event
and September 2017 SEP event. During the December 2014 SEP event, contribution of
electrons above 100 keV is comparatively small, while the contribution of protons above
5 MeV is comparable to the peak value. During the September 2017 SEP event,
contribution of both electrons above 500 keV and protons above 5 MeV are comparable
to the peak value. A comparison between our model results with energy extension and the
IUVS observations is shown in Figure 14. Note that the calculated limb profiles for the
September 2017 SEP event were multiplied by a factor of 6 to match the observed
emission intensity. During the December 2014 SEP event, the shapes, the peak altitude
and the intensity of CO," UVD limb profiles does not largely change even if we take into
account the contribution of more energetic electrons and protons. During the September
2017 SEP event, the calculated limb intensity profile changed below 70 km altitude and

it peaks at 55 km, which is in good agreement with the [TUVS observation.
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Figure 13 (a, b) Limb intensity of CO>" UVD due to precipitation of

electrons for differential incident energies during the December 2014

SEP event and September 2017 SEP event, respectively, and (c, d) those

of protons during the December 2014 SEP event and September 2017

SEP event, respectively. Electron and proton energy ranges are extended

to 500 keV and 20 MeV, respectively. Note that not all incident energies

in the model are shown here to make the figure easier to read.
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Figure 14 (a, b) The contribution of impacting electrons up to 500 keV
(purple) and protons up to 20 MeV (green) to the CO," UVD limb
intensity, and the total limb intensity of CO>" UVD (black) during the
December 2014 SEP event and September 2017 SEP event, respectively.
Observed profiles are taken from Schneider et al. (2015) and Schneider
et al. (2018) in the December 2014 SEP event and September 2017 SEP
event, respectively. Note that the calculated limb profiles for the
September 2017 SEP event were multiplied by a factor of 6 to match the

observed emission intensity.

The penetration altitude of incident particles strongly depends on the neutral atmospheric
temperature. The Martian atmosphere is known to exhibit large variability with respect to
season, latitude and local time (e.g., Forget et al., 2009). A different atmospheric
temperature would impact, as a first order, the altitude profile of the emission brightness.
Since we obtained rather good agreement between the simulated altitude profile of the
emission brightness and the observed profile for the two SEP events, our choice of
atmospheric density profiles for both events were close to the real atmospheric conditions

at that time.

We did not take into account the effects of the magnetic field. Electrons are expected to
be guided to the regions of open magnetic field lines, and they are unlikely to penetrate
into close field line regions (Lillis et al., 2011; Jolitz et al., 2021). Proton penetration to
low altitudes is also expected to be depleted in regions of strong crustal fields (Leblanc
etal., 2002). Due to the different gyro radii of electrons and protons, different sensitivities

to the magnetic field strength and configuration are expected (Bisikalo et al., 2017).

We provide possible explanations for the overestimation of the modeled CO," UVD limb
intensity compared to the IUVS observations. Since the SEP-induced CO." UVD
emission peaks at low altitudes, CO>" UVD could have been absorbed by the Martian
atmosphere if there is an absorber of CO," UVD. Ozone has a strong absorption line
around the wavelength of CO>" UVD ~289 nm. The absorption cross section of ozone at
289 nm is about 102> m? (Groller et al., 2018) and the maximum density of ozone is 10'3
m™ above an altitude of 50 km (Lebonnois et al., 2006). Integrating the optical depth
along the line of sight over a distance of 1000 km using the above cross section and

density of ozone yields an upper limit of the optical depth of 0.1 at 289 nm, which is
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insufficient to absorb CO," UVD emission by the Martian atmosphere above an altitude
of 50 km.

SEP shadowing by Mars could reduce the SEP ion flux on the nightside of Mars. The
Martian Radiation Environment Experiment (MARIE) measurements onboard Mars
Odyssey found that the count rate of SEP ions (20-200 MeV) near Mars showed
modulation during solar events in October 2002 (Luhmann et al., 2007). They showed
that the modulation of the SEP ion flux near Mars resulted from the shadowing of the
SEP ion flux and the orientation of the interplanetary magnetic field (IMF). Lillis et al.
(2016) reported the anisotropy of SEP ions near Mars, which was suggested to be caused
by shadowing by Mars and the configuration of the magnetic field. Since the location and
the timing of the observation of electron and proton fluxes made by MAVEN/SEP and
SWEA were not precisely the same as the observations of the auroral emission made by
MAVEN/IUVS, SEP shadowing might have reduced fluxes at the origin of TUVS
observations. Shadowing of the SEP event by Mars might largely explain the factor of 2
of the difference between the observed emission brightness and the simulated brightness
at the SEP event on 20 December 2014. Another aspect that might reduce the model
emission rate is the calculation geometry. Our calculation used the plane-parallel
atmosphere, but if we apply a spherical atmosphere, MeV protons with pitch angles larger
than 60 degrees at an altitude of 500 km do not penetrate deep into the atmosphere but go
through the upper atmosphere and exit the atmosphere because of their gyro radii, which
are on the order of the planetary radius. The geometric effect is effective for only protons
with energies larger than MeV, so the emission rate due to these protons could be reduced
by a factor reaching ~2. For electrons, only a few percent of the SEP electrons can reach
the atmosphere due to the magnetic mirror effect (Jolitz et al., 2021), which might be

applicable to low-energy protons.

6. Conclusions

Previous studies were not able to reproduce the observed SEP-induced CO,* UVD auroral
emission profiles with precipitating energetic electrons considering the electron energy
flux during SEP events observed by MAVEN (Schneider et al., 2015; Gérard et al., 2017,
Haider and Masoom, 2019). This study aimed to reproduce the observed CO>" UVD
profiles by taking into account the contribution of energetic protons reaching MeV
energies. We developed a Monte Carlo model, PTRIP, which solves the transport of

electrons, protons and hydrogen atoms through the Martian atmosphere. PTRIP is used
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to investigate the contribution of electron- and proton-induced CO," UVD emissions by
using the electron and proton fluxes observed by MAVEN. The PTRIP model was
validated by comparing our results with previous models (Kallio and Barabash, 2001;
Leblanc et al., 2002; Jolitz et al., 2017; Gérard et al., 2017; Haider and Masoom, 2019).
Our results showed that proton-induced CO," UVD emission profiles are brighter,
narrower in altitude, and have a lower peak altitude than electron-induced CO," UVD
emission profiles. The sum of the electron- and proton-induced CO," UVD emission
profiles displays similar shapes and altitude peaks as those of the observed profiles
(Schneider et al. 2015; Schneider et al. 2018), and extension of energy up to 500 keV for
electrons and 20 MeV for protons enabled us to obtain the emission profiles that are more
similar to the observations. However, the calculated intensity is larger than the observed
intensity by a factor of 2 during the December 2014 SEP event, a discrepancy that might
be explained by SEP shadowing (Lillis et al., 2016), calculation geometry effect, and
magnetic mirror effect (Jolitz et al., 2021). Therefore, the contribution of energetic
protons help to reconcile the in situ observations of the SEP electrons and proton fluxes
onboard MAVEN with the observed emission brightness observed by MAVEN/IUVS
(Schneider et al., 2015, 2018) during the two SEP events. This conclusion should be
confirmed by considering other SEP events and completed by taking into account other
possible effects that can impact the reconstructed emission brightness profiles. However,
it also invites more accurate investigations of the other possible effects of an SEP event

in Mars’ atmosphere, such as atmospheric heating or induced low altitude chemistry.
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