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Abstract

Observations of planetary auroras form a new area of planetary exploration from space, es-
pecially for nonmagnetic planets since various kinds of auroras like Discrete, Proton and
Diffuse auroras have been observed at Mars. We review the latest results of Martian au-
roras obtained by the instruments (1) SPICAM (Spectroscopy for the Investigation of the
Characteristics of the Atmosphere of Mars) aboard Mars Express (MEX) and (2) IUVS (the
Imaging Ultraviolet Spectrograph) on MAVEN (the Mars Atmosphere and Volatile Evolu-
tion mission). The MARSIS instrument (the Mars Advanced Radar for the Subsurface and
Ionosphere Sounding) on MEX, in addition, exhibited strong ionizations in some electron
density profiles, thus providing further evidence for the existence of Martian auroras. We re-
view these MARSIS observations as well. In addition, we review various models of Martian
auroras.

1 Introduction

In our solar system, the Sun is the primary source of energy, which creates as well as dictates
changes in the atmospheres and ionospheres of various planets. The sun continuously emits
electromagnetic and particle radiation and Fig. 1 depicts a schematic of the planetary envi-
ronment of Mars exhibiting: (1) incoming and outgoing solar radiation, (2) its atmosphere,
(3) its ionosphere, (4) its mini-magnetosphere and (5) lines of Interplanetary Magnetic Field
(IMF). Electromagnetic radiation (EM), Solar Wind, Coronal Mass Ejections (CME), So-
lar Energetic Particle (SEP), Solar Interaction Region (SIR), Corotating Interaction Region
(CIR) and Energetic Neutral Atom (ENA) are the incoming radiation, which interact with
the atmospheric gases of Mars. The mid and far infrared are the outgoing radiation. A budget
that’s out of balance between incoming and outgoing solar radiation can cause the temper-
ature of the atmosphere to increase or decrease and eventually affect the climate of Mars.
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Fig.1 Schematic representations of incoming radiations from the sun and outgoing radiations from the Mars.
The Electromagnetic (EM) and particle radiations (solar wind, CME/SEP and SIR/CIR) are emitting from
the sun and contributing to the atmosphere/ionosphere of Mars. The near, mid and far infrared radiations are
outgoing from the Mars. The Mars is covered by the dust as observed by Mangalyaan-1 (from Arya et al.
2015)

Mars is covered by dust as observed through Mars Color Camera (MCC) onboard Indian
Mars Orbiter mission (Mangalyaan-1) (Arya et al. 2015).

Major external agents causing ionospheric disturbances are the solar X-ray flares, CMEs
and SEPs. The solar EUV and X-ray radiations interact with the atmosphere of Mars and
photoionize its gases (Krasnopolsky 1986; Fox 2004; Fox and Yeager 2009; Valeille et al.
2009; Haider et al. 2011; Gonzalez-Galindo et al. 2013; Haider and Mahajan 2014; Bougher
et al. 2017). The CMEs, SEPs and ENAs penetrate deep into the atmosphere and produce
auroral emissions (Haider et al. 2009; Schneider et al. 2015, 2018; Deighan et al. 2018;
Haider and Masoom 2019). The Martian aurora is also produced locally in the southern
hemisphere without solar events in presence of strong crustal magnetic fields (Bertaux et al.
2005). The X-ray flares, CMEs and SEPs are emitted from the sun during disturbed condi-
tion. The solar X-ray flares are being monitored by Geostationary Operational Environment
Satellite (GOES) since several decades (e.g. Bornmann et al. 1996). The SEP spectra have
been observed by MAVEN in the energy range 20 keV to 200 keV (https://pds-ppi.igpp.
ucla.edu).

Three kinds of auroras have been observed on Mars by the IUVS instrument aboard the
MAVEN mission and these are: (1) discrete aurora, (2) proton aurora and (3) diffuse aurora
(Schneider et al. 2015). The discrete auroras, first reported by Bertaux et al. (2005), are
observed in the mini-magnetosphere of Mars and are formed due to precipitation of energetic
electrons. The proton auroras are formed due to the precipitation of energetic protons and
hydrogen atoms in the daytime atmosphere of Mars and were first reported by Deighan
et al. (2018). The diffuse auroras are observed in the lower atmosphere of Mars due to
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precipitation of SEP electrons or protons (Schneider et al. 2015, 2018; Haider and Masoom
2019). These auroras are not limited to the mini-magnetosphere of Mars but occur at mid-
latitudes and span over all longitudes. In the sections that follow we shall review Mars’
auroras, mechanisms for their formation and the modeling tools.

1.1 Objectives

Although several review papers on the ionosphere of Mars, and based upon the observations
by Mariners 6, 7, and 9; Mars 2, 3, 4, and 6; Viking 1 and 2; Mars Global Surveyor (MGS)
and MEX have appeared in the literature (e.g. Whitten and Colin 1974; Schunk and Nagy
1980; Cravens and Nagy 1983; Mahajan and Kar 1988; Kar 1996; Nagy et al. 2004; Withers
2009; Haider et al. 2011; Haider and Mahajan 2014), none of these covered the study of
Mars’ aurora. This happened due to two main reasons. Firstly, no spacecraft earlier to MEX
successfully visited Mars with the right combination of instruments and an observing plan
to detect the faint and small scale UV emissions. Secondly, until the late 2004, there was
no consensus on the fact that auroral processes can also be active at Mars. In fact the first
observation on the Martian aurora was reported in 2005 by Bertaux et al. (2005) from the
SPICAM instrument aboard MEX. Furthermore, the richness of different types of auroras
on Mars has only been realized through MAVEN/IUVS observations.

As mentioned above, the latest exploration of Mars has been executed by MAVEN which
was launched on November 18, 2013 and reached Mars on September 21, 2014. The ob-
jectives of this mission were: (1) to explore the interactions of solar wind with the Mars
magnetosphere and upper atmosphere, (2) to study the structure of the upper atmosphere
and ionosphere and the processes controlling it and (3) to determine the escape rates from
the upper atmosphere to space. The MAVEN mission carried eight science instruments and
Jakosky et al. (2015) have recently reviewed these experiments. Bougher et al. (2017), from
pre-MAVEN observations, reviewed the spatial and temporal variability of Mars’ thermo-
sphere and ionosphere as a benchmark for new MAVEN measurements. In this paper, we
shall, for the first time, review Mars’ aurora using MEX and MAVEN observations, as well
as their modeling. We shall review modeled and experimental results of the various kinds of
auroras that occurred in the lower and upper atmosphere of Mars, in the absence and as well
as in the presence of strong crustal magnetic fields. A variety of mechanisms and theoretical
models of Martian auroras will also be reviewed.

1.2 Applications to Future Mars Missions

Recently the spacecrafts Emirates Mars Mission (EMM), Mars global remote sensing Or-
biter, Lander and small Rover (Tianwen-1) and Mars Perseverance Rover have reached
Mars on 9, 10, and 18 February, 2021 respectively. The missions Rosalind Franklin Rover,
Mangalyaan-2 (MOM-2) (https://www.isro.gov.in) and Martian Moons eXploration (MMX)
are in the pipelines (www.digitaltrends.com). The EMM is studying the daily and seasonal
weather cycles in the lower and upper atmosphere of Mars. It will also attempt to answer
the scientific questions of why Mars’ atmosphere is losing hydrogen and oxygen into space.
The escape rates of these atoms will help to understand the formation of hot oxygen corona
and ENAs in the exosphere of Mars. The ENAs are produced by charge exchange reac-
tions between solar wind protons and hydrogen atoms (Galli et al. 2008; Milillo et al. 2009;
Haider and Masoom 2019; Sakai et al. 2021). The hot oxygen corona is produced due to
dissociative recombination of O; (Zhao and Tian 2015; Cravens et al. 2017). The H,O is
confined to low altitudes where photo-dissociation and HO, chemistry produce H,, which
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diffuses into upper atmosphere, and gets destroyed there to produce hydrogen atoms. These
hydrogen atoms then escape into space (Haberle et al. 2019; Stone et al. 2020)

Mars Perseverance Rover is a NASA mission, which via a Martian Sample Return will
study the Martian astrobiology in an attempt to understand what environmental conditions
existed at Mars in the past. The objective would be to have the rover collect sample of
rocks, minerals, and other materials on Mars and return these to Earth. China also explored
a suite of an orbiter, a Lander and a small rover on Mars. This mission can be used as a
technological demonstration of the resources and the technology required for Mars Sample
Returns. This mission is planned to occur in 2030. Rosalind Franklin Mars Rover is a joint
mission of ESA and Russia. The objective of this mission is to search evidence of life on
Mars during its course of about one year’s operation. The launch window of this mission
is scheduled for 20 September, 2022 and Rover will touch down the surface of Mars on 10
July, 2023. None of these missions is dedicated to atmosphere/ionosphere of Mars.

MOMS-2 is an Indian Mars mission, which is currently planned to explore Mars during
the years 2022-2024. The major aim of this mission is to study the interactions of solar
wind with the upper atmosphere of Mars. It will also explore the structure of the upper
atmosphere, ionosphere and their response to solar flares, CMEs, and SEPs during the solar
maximum of solar cycle 25. In addition it will observe energetic particle flux, ENAs, aurora,
magnetic field and interplanetary dust in the upper ionosphere of Mars during that epoch.

Japan is also planning to send a MMX mission to Mars’ largest moon Phobos in 2024.
It will land on Phobos, collect samples and observe the smaller moon Deimos. In addition’
it will provide information about Mars’ climate during flybys of these two moons. This
spacecraft will send the samples back to Earth in 2029. The aim of this mission is to provide
key information to answer the question “whether the Martian moons were captured from
asteroids or these large bodies were detached from the planet”.

Among the above mentioned six missions, the EMM and MOM-2 are fully devoted to
studies related to solar wind interaction with the magnetosphere and ionosphere of Mars.
These two missions will also study aurora, dust, magnetic field and the influence of solar
flares, CMEs and SEPs on the upper atmosphere of Mars. In view of these forthcoming mis-
sions, a review paper on Mars’ auroras, their observations, modelling and causative mecha-
nisms is desirable. This review paper will serve as a benchmark, which can guide the design
of future payloads for detecting visible auroras on Mars, similar to those observed on Earth.

It needs to be mentioned that visible auroras have not yet been detected on Mars. The
species like CO,, O and N, emit the characteristic colours of their respective line spectra
at visible wavelength (Lilensten et al. 2015). The electron impact on CO, produces strong
emissions at 412 nm and 434 nm in the blue colour. Atomic oxygen produces green and
red colour emissions at wavelengths 557.7 nm and 630.0 nm respectively. The molecular
nitrogen also produces blue colour auroral emissions at wavelength 428 nm. It is not clear
whether these relevant transitions are sufficiently excited to create visible auroras or the
available UV instrument is unable to distinguish these and thus needs to be redesigned.

1.3 Chapter Organization

The present review consists of nine chapters. The first chapter gives a general introduction
on Mars’ aurora. In the second chapter we review Vikings 1/2 and MAVEN measurements
of neutral densities in the upper atmosphere of Mars. There are no measurements of densi-
ties in the lower atmosphere of Mars and therefore theoretical density profiles in the lower
atmosphere of Mars are reported in this chapter. In chapters three, four, and five, we re-
view the characteristics of discrete aurora, proton aurora and diffuse aurora respectively. As
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mentioned earlier, these auroras have been observed by SPICAM and IUVS instruments at
Mars. Chapter six describes the possible mechanisms of nighttime aurora. In chapter seven
we review, in brief, two plasma and three auroral emission models, which have been used in
the modeling of Martian auroras. These models are (1) Hybrid model, (2) Magneto-Hydro-
Dynamics (MHD) Model, (3) Monte Carlo Method, (4) Analytical Yield Spectrum (AYS)
approach, and (5) Boltzmann Kinetic Transport Model. Chapter eight discusses briefly
Mars’ auroras and compares the field lines configuration for diffuse and discrete auroras
on Earth and Mars. These auroras have been observed on Mars and Earth in very different
magnetic field lines structures. Finally chapter nine summarizes and concludes the present
review.

2 Atmosphere of Mars

Kuiper (1952) were the first to report CO, abundance of 4.4 x 10° Dobson at Mars. Later
Spinrad et al. (1963) discovered the presence of water vapor in the Martian atmosphere
with column abundance of 10 um. Soon after Kaplan et al. (1964) derived Martian surface
pressure ~ 25 & 15 mbar from CO, abundance of 55 420 x 10° Dobson. These calculations
were strongly supported by determination of the total pressure ~ 4—6 mbar from Mariner 4
(Kliore et al. 1965). Kliore et al. further reported that ~ 90% of the Martian atmosphere is
formed from 80 x 10° Dobson of CO,, which produces surface pressure of ~ 6 mbar. The
CO was first detected by Kaplan et al. (1969) who deduced CO abundance of 5.6 x 10°
Dobson. Young and Young (1977) also observed similar values of 5.6 & 0.5 x 10* Dobson.
The densities of atomic hydrogen and oxygen were observed ~ 3 x 10* cm™~ (Anderson and
Hord 1971) and ~ 5 x 108 cm™3 (Strickland et al. 1972), respectively. Barker (1972) and
Carleton and Traub (1972) estimated O, abundance as 9.0 + 0.6 x 10? and 10.4+ 1.0 x 10°
Dobson respectively.

In addition to above constituents, Methane has also been measured in the Martian atmo-
sphere. Mumma et al. (2009) were the first to report methane abundance of ~ 45 ppbv from
Infrared Telescope during the summer of 2003 at Terra Sabae, Nilli Fossae and Syrtis Ma-
jor. The seasonal and latitudinal variability of methane was observed by Planetary Fourier
Spectrometer (PFS) and Thermal Emission Spectrometer (TES) onboard MEX and MGS
respectively (Formisano et al. 2004; Marzo et al. 2008). At Curiosity Gale Crater landing
site (4.5°S, 137°E), the PFS observed an increase of methane from ~ 15 ppbv in fall to
~ 30 ppbv in winter whereas TES trend was opposite (Fonti and Marzo 2010): ~ 30 ppbv in
fall and ~ 5 ppbv in winter. However, Tunable Laser Spectrometer (TLS) on Curiosity rover
did not detect atmospheric methane at Mars’ Gale Crater (Webster et al. 2015). These mea-
surements cover a span of 20 months. During this period, methane concentration climbed up
to 7 ppbv. Before and after the spike, the measured concentration was at or below 0.7 ppbv.
The atmosphere of Mars can be broadly divided into upper and lower atmosphere (e.g. Smith
et al. 2017). We describe these two atmospheres in the sections that follow.

2.1 Upper Atmosphere of Mars

Mars’ atmosphere above 100 km is designated as the upper atmosphere where molecular
diffusion dominates (McElroy et al. 1976). First direct measurement of the upper atmosphere
of Mars was made by neutral mass spectrometer on board Viking Landers 1/2 (Nier and
McElroy 1977). Later, an accelerometer (e.g. Keating et al. 1998; Bougher et al. 2017) and
radio occultation experiment (e.g. Hinson et al. 1999) on MGS provided large datasets of
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atmospheric density at various locations. These observations confirmed that the atmosphere
of Mars contains CO,, N,, Ar, CO, O,, and NO with individual contribution to the total air
density of about 95.5%, 2.7%, 1.5%, 0.4-1.4%, 0.17%, 0.008% respectively. The Viking
Landers also carried a Retarding Potential Analyzer (RPA), which provided information on
the major ion densities and plasma temperatures in the ionosphere up to an altitude of about
300 km (Hanson et al. 1977). On the surface, atmospheric pressure at Mars is about 6 mbar
while temperature is 220 °K (Seiff and Kirk 1977). The atmosphere of Mars is quite dusty
(e.g. Kahre et al. 2017). Data from Mars Exploration Rover showed that the size of the
suspended dust particles is about 1.5 um within the atmosphere (Lemmon et al. 2015).

The Neutral Gas Ion Mass Spectrometer (NGIMS) aboard MAVEN recently observed
neutral composition profiles for the daytime as well as for the nighttime atmosphere of
Mars (Mahafty et al. 2015; Elrod et al. 2017). In Fig. 2 we have plotted sample profiles
of CO,, Ar, N, CO, O, and He as observed by MAVEN on 10, 14, and 17 September,
2017, when the spacecraft was crossing from inbound (left panel plot) to outbound (right
panel plot) orbits (https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPl/maven.
insitu.calibrated). On 10 September 2017, MAVEN observed effect of a strong solar X-ray
flare on Mars’ thermosphere (Elrod et al. 2018). The neutral density profiles on 14 and 17
September 2017 shown in the figure were observed in the absence of the flare and thus dur-
ing solar quiet conditions. MAVEN did not measure the neutral densities at altitudes below
150 km except during nine Deep Dip periods (e.g. Bougher et al. 2015b; Zurek et al. 2017;
Stone et al. 2018). The neutral densities are nearly the same during inbound and outbound
crossings of Mars atmosphere (However, Elrod et al. (2018) have reported that the outbound
data of NGIMS are less reliable due to instrument limitation). These densities are decreasing
exponentially with height, except for Helium as expected.

2.2 Lower Atmosphere of Mars

Mars’ atmosphere below 100 km is designated as the lower-middle atmosphere (Smith et al.
2017). Here gases exist in a mixed state and eddy diffusion dominates. The lower atmo-
sphere of Mars is characterized by strong coupling between pressure, temperature, neutral
density and winds. MGS and MEX have observed temperature, pressure, and total density
in the lower atmosphere of Mars with radio occultation experiment (Bougher et al. 2001;
Hinson et al. 1999; Peter et al. 2014). Using stellar occultation at UV wavelengths, the ver-
tical profiles of CO,, O3 and dust/clouds/aerosols were observed from SPICAM and IUVS
instruments onboard MEX and MAVEN respectively (Montmessin et al. 2006; Lebonnois
et al. 2006; Quémerais et al. 2006; Montmessin and Lefevre 2013; Groller et al. 2015, 2018).
Recently Fedorova et al. (2018) studied the water vapor vertical distribution in the middle
atmosphere of Mars during 2007 Global Dust Storm (GDS) using solar occultation measure-
ments by the SPICAM spectrometer. They found that the H,O density increased by an order
of magnitude between altitude 60—80 km in the presence of the dust storm. However, during
“no dust storm conditions”, Groller et al. 2018) observed CO,, O, and O3 number densities
and temperature profiles from IUVS instrument between altitude 20 km and 160 km at high
latitude region from 80°S to 75°N. These profiles indicate strong longitudinal variability,
which seems to be dominated by zonal waves. The Nadir and Occultation for Mars Discov-
ery (NOMAD) and Atmospheric Chemistry Suite (ACS) spectrometers onboard ExoMars
Trace Gas Orbiter (TGO) have observed mixing ratios of H,O and HDO simultaneously up
to an altitude ~ 80 km in the ultraviolet, visible and infrared wavelength channels (Vandaele
et al. 2018; Korablev et al. 2018). The mixing ratio profiles of H,O and HDO have been re-
ported in the presence and absence of 2018 GDS by Vandaele et al. (2019), who have found
that the mixing ratios increase during the GDS due to atmospheric warming.
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MAVEN Observations of Neutral Atmosphere Corresponding to Inbound and Outbound Orbits on

10, 14, and 17 September, 2017
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Fig.2 MAVEN observations of neutral densities in the upper atmosphere of Mars corresponding to inbound
and outbound orbits on 10, 14, and 17 September, 2017 (https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&
id=pds://PPl/maven.insitu.calibrated)

2.3 Atmospheric Modeling

The photochemical models have predicted concentrations of O,, Oz, CO,, CO and other
neutral species in the lower atmosphere of Mars (Belton and Hunten 1996; Parkinson and
Hunten 1972; Rodrigo et al. 1990; Krasnopolsky 2003). Molina-Cuberos et al. (2002),
Haider et al. (2011) and Haider and Mahajan (2014) have reported neutral model atmo-
sphere of 12 gases (CO,, Ny, Ar, O,, CO, H,, H,O, O, O3, NO, NO,, and HNOs) in the
lower atmosphere of Mars. The density profiles of these gases are plotted in Fig. 3.
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Mars Climate Database (MCD) provides meteorological parameters like air density, tem-
perature, wind and mixing ratios using General Circulation Model (GCM) at different alti-
tude, latitude and longitude in the Martian atmosphere (Millour et al. 2014) (website http://
www-mars.Ilmd.jussieu.fr). This model has been developed for low, medium and high dust
storm conditions also. The solar EUV, X-rays and particle radiations are highly variable and
therefore the atmosphere of Mars also changes in response to these variations. The MCD
model includes the effect of such variations. To include the effects of dust storms, warm
and cold scenarios of Mars’ atmosphere have been provided in this model: warm for their
presence and cold for their absence. The climatology scenario is also provided in the model
for minimum, medium and maximum solar activity conditions.

The Mars Global Ionosphere-Thermosphere Model (MGITM) also provides fundamen-
tal physical parameters like wind, gravity/planetary waves, thermal structure, compositional
and dynamical structures of Mars atmosphere from ground to the exosphere (0-250 km)
(Bougher et al. 2015a). In this model lower, middle and upper atmospheric processes are
included and it is based on the formulations used in the Mars Thermosphere General Circu-
lation Model MTGCM) (Bougher et al. 2017) and the legacy NASA Ames Mars Global Cir-
culation Model (MGCM) (e.g. Haberle et al. 1999). The MGITM model also captures dust
storm, solar cycle, seasonal and diurnal variability in the upper atmosphere of Mars. The up-
per atmospheric measurements of temperature and densities made by Viking and MGS were
compared with the MGITM neutral temperature and neutral — ion densities (Bougher et al.
2015a). In addition, the simulated lower atmospheric temperatures were also compared with
the Mars Reconnaissance Orbiter and Mars Climate Sounder observations. MGITM has also
been used to support and interpret MAVEN observations (Bougher et al. 2015b; Fang et al.
2019).

Recently Liu et al. (2018) have reported that the density of CO; increased in the upper
atmosphere of Mars up to ~ 200% in response to dust increases in the lower atmosphere.
These dust enhancements occurred during the period from 20 December 2016 to 30 May
2017 at Ls ~ 320°. This study is consistent with the earlier findings when the whole atmo-
sphere of Mars expanded and rose up to ~ 160 km due to the influence of dust (Withers and
Pratt 2013). In Fig. 4 we show CO, density profile obtained from MAVEN during the ther-
mospheric warming associated with the planet-wide dust storm of 2018 (Elrod et al. 2020).
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In this figure we have also plotted air density from MCD for cold and warm scenarios of
Mars’ atmosphere, calculated for the global dust storm of 2007, which occurred during the
Martian Year (MY) 28. It can be noted that in the warm scenario the air density is larger
than the cold scenario by a factor of ~ 2-3.

3 Discrete Aurora on Mars

The magnetic field measurements from MGS have confirmed that Mars does not have a
dipole magnetic field. However, it has mini-magnetospheres of intense crustal magnetic
fields in the southern hemisphere (Acufia et al. 1998). The magnetic fields as high as 400 nT
at 108—113 km altitude in the northern hemisphere and 1500 nT at 120-200 km altitude in
the southern mini-magnetosphere were observed by MGS (Mitchell et al. 2001; Haider et al.
2010). The early Mars missions Mariners 6, 7 and 9 carried UV spectrometers but these mis-
sions did not prioritize the nighttime observations. The Viking 1/2, MGS, and Mars Odyssey
did not carry UV instruments. Therefore, aurora was not observed during any of these mis-
sions.

3.1 SPICAM Observations of Discrete Aurora

The first limb observation of Mars’ aurora was detected on 11 August 2004 during the
orbit # 716 by the SPICAM UV spectrometer onboard MEX in the nighttime atmosphere
at Solar Zenith Angle (SZA) 117.5° (Bertaux et al. 2005). It was unlike auroras observed
at Earth and at other magnetic planets, which generally occur near the magnetic poles. It
was a discrete aurora, which was produced in the mini-magnetosphere due to precipitating
electrons along the magnetic field lines, connecting the surface to the solar wind (Mitchell
et al. 2001; Krymskii et al. 2002). This aurora was observed at an apparent tangent altitude
of 19 km, where the local time was nearly 21 hour and the longitude and latitude were
198.4° and 46.3°S respectively (Bertaux et al. 2005). Since discrete aurora is very spatially
confined, their detections are not necessarily at the limb, so line-of-sight ambiguity hampers
determination of accurate altitude and location.
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Fig.5 (a) Spectra recorded during the grazing limb observation between 450 to 750 seconds. Altitudes of the
Mars Nearest Point (MNP) of the line of sight are indicated at the right. It contains H Lyman « emission at
121.6 nm and well structured band (190-270 nm) of NO. The intensity in ADU (Analogue Digital Units) per
pixel is colour-coded. (b) Auroral peak is sharp and different from NO spectrum. Signal intensity in ADU for
five bins (each averaged from 181-298 nm) as a function of time between 200 and 900 seconds are plotted in
this figure (from Bertaux et al. 2005)

Figure 5a represents the nighttime limb observations of H Lyman « (121.6 nm) and NO
bands (181-298 nm) carried out by SPICAM from 450 to 750 seconds at wavelength range
10 to 350 A. In Fig. 5b the integrated auroral spectra over wavelength range of NO bands
(181-298 nm) are shown for five spatial bins between 533 and 540 s. This layer is confined
in the altitude range 60—80 km and is more intense at large southern latitudes (around time
750 s). These measurements were carried out in the mini-magnetosphere, where the field
lines are nearly open and are vertical (Lundin et al. 2006; Mitchell et al. 2007). Leblanc
et al. (2006) simulated emission rate of this aurora due to electron impact ionization. They
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Fig.6 Locations of UV auroral
detections by SPICAM (white
dots) overlaid on a map of the
statistical probability to find a
closed magnetic field line at

~ 400 km. The color scale ranges
from 0% (dark blue) to 100%
(red). SPICAM auroral
detections were located in
regions separating closed and
open or semi-open magnetic field
lines (from Gérard et al. 2015;
Soret et al. 2016)

argued that the measured emissions by SPICAM UV spectrometer have been produced due
to electrons of few tens of eV rather than by the electrons of above 100 eV.

Gérard et al. (2015) analyzed the database of the SPICAM nadir measurements between
late January 2004 and March 2014 in the southern hemisphere. They searched for signa-
tures of CO Cameron and COJ UV doublet auroral emissions. From a total of 113 nightside
orbits with SPICAM pointing to the nadir in the region of residual magnetic field, only 9
night side orbits showed definitive auroral signatures, some with multiple detections along
the orbital track, leading to a total of 18 detections. All events were located in the vicinity of
the statistical boundary between open and closed field lines forming cusp structures (Fig. 6).
The UV aurora was sometimes located pole ward or equator ward in the region of enhanced
downward electron energy flux and separated by several tens of seconds. The auroral bright-
ness did not show any proportionality with the electron flux at the spacecraft altitude. The
mean latitudinal extent of the auroral arcs was 44 km and the absence of recurrence between
successive orbits suggested that discrete aurorae are short-lived. They concluded that the
Mars UV aurora is a localized and transient feature, mostly occurring in regions of residual
crustal magnetic field.

The above observations indicating that Mars’ aurora is a time dependent feature seem
consistent with the scenario of acceleration of electrons by transient parallel electric field
along semi-open magnetic field lines. The altitude distribution of these emissions was in-
vestigated and modeled by Soret et al. (2016) who measured three auroral limb profiles.
Following correction for the distance from the tangent point, they found a mean peak al-
titude of 137 £ 27 km. They compared these values to the results of Monte Carlo model
simulations indicating that the characteristic electron energy was about 100 eV, in good
agreement with the mean energies typically measured with ASPERA-3. They found that
the brightness of the measured nadir intensities of the Cameron and COJ UVD bands was
less than that calculated using the measured ASPERA energy spectra. We think that this
difference is possibly a consequence of the inclination and curvature of the magnetic field
lines.
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Orbit 5738

Orbit 5738

0 20 40 60 80 100%

Fig.7 Top: Apoapse image of Mars orbit 5738 shows the daylight side middle UV colors maped up to visible
colors. Bottom: Apoapse image of Mars orbit 5738 shows the nightside maped. The letters indicate the loca-
tions of confirmed emissions and the instrumental artifact (from Schneider et al. 2018). These observations
are over plotted on Mars’ crustal magnetic field topology (Brain et al. 2007)

3.2 IUVS Observations of Discrete Aurora
Discrete aurora was also observed by IUVS instrument onboard MAVEN with greater sen-

sitivity and better spectral resolution than SPICAM. Figure 7 shows an apoapse image of
discrete aurora on Mars in the orbit number 5738 during the space weather event which oc-
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Fig.8 (a) In the left panel non-detection locations map of discrete auroras are shown. (b) Detection locations
map of discrete auroras are shown in the right panel with red dots (from Schneider et al. 2021)

curred between 13 and 15 September 2017 (Schneider et al. 2018). In this figure top panel
shows the day lit side with the middle ultraviolet colors mapped up to visible colors. Note
that North is to the left side. The bottom portion of the figure shows the nightside imaged at
high gains, using the black-purple-white color bars to indicate the intensity of CO Cameron
band. Auroral emissions B, C, D, H, I and L appear in the dark region of the map. The A
and P emissions were inconclusive in terms of aurora identification because they were too
close to the limb (Schneider et al. 2018). Auroral emissions K and M lie very close to the
statistically open field line region. The geographic locations of these auroral emissions are
consistent with the criteria for discrete aurora as observed by SPICAM. It should be noted
that all of the horizontal linear features (E, F, G, J, N and O) have been proved to be in-
strument artifacts. This is likely due to occasional cosmic ray showers, which affect a single
slit position and detector read out, which appears exactly horizontal in this coordinate sys-
tem. The rest of the features are all consistent with the auroral emission matching with CO
Cameron band emission. The features identified as artifacts in the top panel are omitted from
the bottom panel. The features in the top panel with confirmed auroral spectra are shown in
purple with their identification letters. Schneider et al. (2018) used the map of Brain et al.
(2007) that shows open and closed magnetic field lines based on MGS measurements at
400 km altitude. They transformed the magnetic field map into the observational coordinate
system. The red color indicates closed field lines and dark blue color represents open field
lines.

Until now the IUVS instrument has detected discrete aurora in 278 scans during 196
orbits over six years (Schneider et al. 2021). These events are highly correlated with the
crustal magnetic fields in the southern hemisphere of Mars. In Figs. 8a and 8b non-detection
and detection locations of discrete auroras are shown respectively. These events occurred
primarily in the evening hours, when By component of the IMF field is negative. Under these
conditions auroral events probably occur during the nighttime and may last for hours. Near
the strongest fields, the occurrence rate of discrete auroras is ~ 25% of observations. These
auroras are also distributed globally in about 1% of the observations in the regions of weak
or no crustal fields. In many events strong electron precipitation is measured by MAVEN
close in time to the UV emission (Soret et al. 2021). This association may not always be
true because the electron measurements were made in situ, while the UV emissions are
measured remotely.

Figure 9 shows the dependence of auroral occurrence frequency on radial magnetic field
strengths. Schneider et al. (2021) observed discrete aurora forty times stronger during the
highest magnetic field regions than at the rest of the planet, though such regions are rare.
In Fig. 10 several spectral features in MUV wavelength range (180-340 nm) are identified
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Fig.9 The detection frequency is
shown vs. radial magnetic field
strength. The histograms use
logarithmically spaced bins with
four bins per decade. Auroral
events are forty times more likely
to occur in the highest field
regions than most of the rest of
the planet, though such regions
are rare (from Schneider et al.
2021) 0.1
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Fig. 10 The averaged spectrum 012 T T T T T
of the MUV IUVS auroral
detections (black line).

A MAVENIUVS dayglow
spectrum (Gérard et al. 2019),
whose intensities have been
normalized to the strongest CO
Cameron emission band, is
plotted in grey for comparison 0.02
(from Soret et al. 2021)
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(1) CO (a®7 — X'¥) Cameron bands between 190-270 nm, (2) the C02+ (BZEI:r — Xzﬂg)
UVD at 288-289 nm and (3) OI at 297.2 nm. For the first time N, Vegard-Kaplan bands
0-5, 0-6, and 0-7 at wavelengths 260.4 nm, 276.1 nm and 293.7 nm have been detected in
the discrete aurora (Soret et al. 2021). The presence of oxygen 297.2 nm emissions suggest
that the oxygen green line emission at wavelength 557.7 nm should also be detectable from
a visible spectrometer and should be visible to astronauts. Attempts to detect it from TGO
(NOMAD/UVIS) have failed so far (Soret et al. 2021).

3.3 MARSIS/ASPERA Observations During Discrete Aurora

MARSIS is a low to high frequency (0.1 MHz to 5.5 MHz) ionospheric sounding radar
aboard MEX, which has been sounding the planet since mid 2005. It is working in two dif-
ferent operational modes. One of these is the Active Ionospheric Sounding (AIS) (Picardi
et al. 2004; Gurnett et al. 2005), which, basically, is a topside sounding mode to measure
the topside electron density profile. This profile can then be used to obtain the Total Elec-
tron Content (TEC) of the topside ionosphere. The other operational mode is the subsurface
mode, in which the radar sounds the surface and subsurface of the planet to identify and to
measure the material below it. In the subsurface mode, TEC is derived as a by-product from
the analysis of signal distortion caused by the dispersive ionosphere (Safaeinili et al. 2007;
Leblanc et al. 2008; Mouginot et al. 2008; Cartacci et al. 2013; Sanchez-Cano et al. 2015).
In the AIS mode MARSIS measures reflections from normal ionosphere in nadir direc-
tion (called vertical echoes) and ionization bulges in the oblique directions (called obligue
echoes) (Duru et al. 2006; Andrews et al. 2014; Diéval et al. 2018; Venkateswara Rao et al.
2019). The peak frequencies of these echoes are generally the same. However, in a few
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Fig. 11 Time series of the measurements during orbit 2621 (left) and 2705 (right). Shown is the
MEX (a) altitude and (b) latitude, (¢) MARSIS TEC, (d) MEX/ASPERA-3/ELS electron measure-
ment in eV/ (cm?stereV's), (e) MEX/ASPERA-3/ELS energy flux, (f) MGS/ER electron energy flux in
eV/ (cm2 stereV's), and (g) SPICAM UVS observation respectively (from Leblanc et al. 2008)

cases peak frequencies of oblique echoes were much larger than those of vertical echoes
(Venkateswara Rao et al. 2019).

The objective of Analyzer of Space Plasma and Energetic Atoms (ASPERA-3) experi-
ment is to study the solar wind — atmosphere interaction and to characterize the plasma and
neutral gas environment within the Martian space through the use of ENA imaging and by
measuring local ion and electron plasma. This instrument carries a comprehensive plasma
package consisting of: (1) Ion Mass Spectrometer (IMA), (2) Electron Spectrometer (ELS)
and (3) Neutral Particle Detector (NPD) covering energy ranges 0.01-30 keV, 0.01-20 keV
and 0.1-10 keV respectively for these measurements.

Figure 11 represents the various measurements made by SPICAM UVS (Fig. 11g),
MGS/ER (Fig. 11f), ASPERA-3/ELS (Figs. 11d and 11e), MARSIS (Fig. 11c), MEX al-
titude (Fig. 11a) and latitude (Fig. 11b) during the orbits 2621 and 2705 on 26 January and
19 February respectively. The dotted vertical lines in Fig. 11g indicate the time of auroral
emissions at 1404 UT and 0238 UT during the orbit 2621 and 2705 respectively. These ob-
servations were carried out in the nighttime above the most intense crustal magnetic field
locations recorded by MGS. Leblanc et al. (2008) showed a good correlation between the
auroral emissions observed by SPICAM with electron flux observed by ASPERA-3 as well
as with TEC observed by MARSIS in subsurface mode. They reported that TEC increased
significantly when the high electron flux was precipitating into the Martian atmosphere. Dur-
ing auroral event, the electron flux increased by an order of magnitude while it decreased
by two orders of magnitude before and after this event. They also observed a high peak in
TEC during the SPICAM observations of aurora. This observation suggests that the peak
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Fig. 12 Dispersion corrected 200 T
electron density profiles of = 15-06-2007
MARSIS oblique echoes L e— 21-06-2007
observed on 15, 21, and 28 June L = 28-06-2007
2007. The dashed black and blue 180 \\\ _
lines are due to interpolation of \
the electron density profiles
between the density at the
spacecraft and that of the lowest 160 |- |
sounding echo (from
Venkateswara Rao et al. 2019)
IS
<
3 140 - —
2
<
ng(max): 3.72* 10° cm™
120 [~ h(min): 88.48 km —
ne(max): 3.26 * 105 cm-3
h(min): 105.6 km
100 — 5 .3 —
ne(max): 3.04*10 cm
h(min): 112 km
80 1 1 1 11111 l 1 1 1 11111
10 10° 108

Electron density (cm's)

electron density increased significantly in the auroral ionosphere of Mars during this event.
However, no correlation was demonstrated between the SPICAM auroral detections and the
occurrence of solar energetic particle events inferred from the MGS/ER data set (Gérard
et al. 2015).

The precipitating electron flux observed by ASPERA-3 represents a non-Maxwellian
distribution similar to that observed as V-shaped potential structure in the Earth’s auro-
ral zone (Brain et al. 2006; Lundin et al. 2006, 2011; Ip 2012; Haider and Mahajan 2014;
Bisikalo et al. 2017). The auroral electrons are precipitating downward into this potential
well, which is maintained by the strong electric and magnetic fields. In this region the hor-
izontal components of magnetic field are small compared to the vertical components. The
auroral events are mostly observed during the disturbed solar wind conditions and after
emission of CME/SEP from the sun (Schneider et al. 2018; Haider and Masoom 2019).

Figure 12 represents three enhanced electron density profiles observed by MARSIS in
AIS mode on 15, 21, and 28 June, 2007 during orbit # 4426, 4447 and 4469 at Ls = 258°,
262° and 266° respectively (Venkateswara Rao et al. 2019). These profiles were observed in
MY 28, when a global dust storm was encircling around Mars. In this figure the observed
peak electron densities are 3.75 x 10° cm™3, 3.26 x 10° cm™ and 3.04 x 10° cm™ at
altitudes 88.48 6.9, 105.60 £5.2 and 112 4 5.5 km respectively (Venkateswara Rao et al.
2019). These observations were carried out at SZA ~ 55° in the mini-magnetosphere of
Mars between latitude 54°S to 55°S and longitude 177°E to 182°E. Note that the altitudes of
the electron density peaks in these three cases are lower than that of the normal ionospheric
peak altitude of 134 km (Némec et al. 2011). The peak density of the first case is in fact
the highest ever observed in the Martian ionosphere and the observation of such enhanced
ionization at an altitude of 88.48 4 6.9 km is unusual and needs some explanation.
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Fig. 13 Mechanisms for Martian proton aurorae originating from solar wind charge exchange. Upsteam solar
wind protons (HT) are typically deflected by the Martian bow shock (yellow stream lines), but some charge
exchange with neutral hydrogen in the corona (blue), becoming energetic neutral particles (shown as a proton
surrounded by a shell (cyan) containing an electron (white dot)). These neutral particles freely pass through
the bow shock while retaining the original kinetic energy and direction of the solar wind (green arrow) and
deposit energy in the planet’s thermosphere. A fraction of this energy is emitted from the energetic hydrogen
as Ly o photons (from Deighan et al. 2018)

The solar wind/SEP electron precipitation that yields auroral photon emission can cause
ionization bulges measurable by ionospheric sounding. This process of aurora is not mod-
eled. Recently, Venkateswara Rao et al. (2019) proposed that the enhanced ionization in the
dust storm may occur due to a strong convective motion of plasma in presence of electric
and magnetic fields. However, they didn’t interpret the echoes as aurora.

4 Proton Aurora on Mars

Mars has observed the hydrogen corona extending up to several thousands of kilometer
(Chaufray et al. 2007). The solar wind protons interact with this corona through charge ex-
change and thereby produce a beam of ENA at solar wind speeds (Kallio and Janhunen 2001;
Kallio and Barabash 2001; Gunell et al. 2006; Halekas et al. 2015). Figure 13 represents the
mechanism of Martian proton aurora originating from solar wind charge exchange (Deighan
et al. 2018; Hughes et al. 2019). In this process fast hydrogen atoms are produced due to
charge exchange between solar wind protons (H™) and hydrogen corona. These energetic hy-
drogen atoms have the same energy as protons and these atoms move in the same direction
as protons just before the collisions. The fast hydrogen atoms penetrate deep in the Martian
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Table 1 Characteristics of the Proton Aurorae Observations (Ritter et al. 2018)

Orbit # Date Ls Time TP latitude TP Longitude TP SZA Intensity
(deg)  (hhimm)  (deg) (deg) (deg) (kR)
135712 6/2/2005 156 17:16 55.4 198.8 49.3 0.7+£0.2
1426/1 26/2/2005 166 01:02 71.7 300.9 74.5 1.1£0.3
223172 9/10/2005 303 10:33 1.7 120.1 23.0 09+0.2
2329/2 5/11/2005 319 20:40 58.3 199.1 55.0 09+0.2
4354/1 26/5/2007 245 20:44 25.3 345.5 48.8 1.4+£02
4419/1 14/6/2007 257 01:19 59.6 85.4 46.6 1.8£0.5

atmosphere and deposit their energy in the lower thermosphere at altitudes ~ 110-130 km
resulting in ionization, dissociation, heating, excitation and auroral emission. The proton au-
rora is produced by Lyman-« (121.6 nm) due to emission of fast (excited) hydrogen atoms
from the upper (>p) state to the ground state ('s) (Shematovich et al. 2011; Gérard et al.
2019).

Ritter et al. (2018) suggested that the main driver of these events could be CMEs or
CIRs, which enhance solar wind density and flux that can reach the Martian environment
and create aurora. The CMEs are ejected into the interplanetary space after the eruption
of solar flares from the sun. In CIRs fast and slow solar wind plasmas are emitted from
persistent coronal holes over multiple solar rotations of the sun. The fast CMEs can drive
multiple shocks. A large shock can reach Mars faster than the slower shock and create dense
auroral ionosphere on Mars. The fast shock also compresses the E peak to altitudes as low
as 100 km, while the normal peak occurs at 110 km during solar quiet conditions (Haider
etal. 2012).

4.1 SPICAM Observations of Proton Aurora

Recently Ritter et al. (2018) have observed six events of proton auroras in the daytime atmo-
sphere of Mars from SPICAM UV spectrometer aboard MEX during the period July 2004
to May 2011. The characteristics of these auroras are given in Table 1. Figures 14a to 14f
show six limb profiles of proton auroras. Ingress and egress scan profiles are plotted by red
and blue colors respectively. The horizontal bars indicate uncertainty in the SPICAM obser-
vations. The ingress profile of orbit 2231/2 represents a weak aurora. The ingress profile did
not measure the aurora during orbit 4419/1. The egress profile 4354/1 does not represent any
auroral signature. The Lyman-« intensity profile shows a clear peak of 3 to 6 kR during the
auroral event. When this peak disappeared, so did the aurora. Figure 14g shows a global map
of the magnetic field on Mars at about 400 km (Mitchell et al. 2001; Haider et al. 2010). In
this figure, locations of SPICAM proton auroras and SPICAM discrete auroras are shown by
white and black stars respectively (Gérard et al. 2015; Soret et al. 2016). Figure 14h shows
that the SPICAM proton auroras (shown by red color) were observed during declining and
minimum phase of solar cycle 24.

Ritter et al. (2018) identified that the CMEs/CIRs arrived at Mars during the time of
these auroral events (https://cdaw.gsfc.nasa.gov/CME_list and https://www.helcats-fp7.eu/
catalogues/wpu_arrcat.html). These auroras have been observed in northern hemisphere of
Mars where the crustal magnetic fields are weak as well as in the southern hemisphere
where fields are strong. During the auroral events the limb emission intensity peaks at about
120 to 150 km due to precipitation of solar wind proton/hydrogen atoms (H'-H). These
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Fig. 14 (a—f) represent the Lyman o limb profiles of the six orbits where Mars’ aurora was observed. Ingress
observations are drawn in red and egress observations are shown by blue, (g) The SPICAM proton (white)
and SPICAM discrete aurora observations (black) are displayed on a map that shows the statistical Martian
magnetic field intensity at 400 km altitude, (h) The histogram shows the distribution of all SPICAM limb
observations selected for this study with respect to solar cycle and Martian season (Ls). The solid line rep-
resents the smoothed monthly sunspot number and the red arrows indicate the six auroral observation dates
(from Ritter et al. 2018)
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observations were carried out when the spacecraft was located between altitude 300 km to
700 km at latitudinal separations from 18° to 35° between the ingress and egress scans.

4.2 |UVS Observations of Proton Aurora

The limb observation of proton aurora was observed by IUVS instrument onboard MAVEN
during the daytime atmosphere of Mars (Deighan et al. 2018) and subsequently identified
in earlier observations of SPICAM on MEX (Ritter et al. 2018). Both observations showed
similar shapes of the Lyman-« limb profile enhancement and comparable peak intensities
(Gérard et al. 2019). The IUVS measures the airglow emissions using far UV (110-190 nm)
and mid-UV (180-340 nm) channels. In Fig. 15a we demonstrate the Lyman « profiles of
Martian proton aurora in the dayside atmosphere of Mars for orbits # 985 and 986 on 3
and 4 April, 2015 at 07:33 LT and 12:04 LT respectively. The brightest peak of this aurora
occurred at SZA < 40° (see Fig. 15b). These auroras disappeared near the terminator. In
these observations the UV dayglow emissions due to carbon dioxide ionizations and its dis-
sociation into CO and Oxygen bands (135.6 nm and 130.4 nm) are also seen. The emission
intensities represent a broad peak at ~ 130 km. In the orbit # 985 the Lyman « represents
nearly a flat profile due to multiple scattering. After about 4.5 hour the Lyman « profile
developed a strong peak of proton aurora in orbit # 986.

The proton aurora is created via electron stripping and charge exchange between so-
lar wind protons and hydrogen corona. This aurora is strongly enhanced during southern
summer when loss of water is maximum, which increases hydrogen corona on Mars. The
hydrogen corona originates from the photo-dissociation of water vapor produced H,, which
then diffuses into the upper atmosphere, where it is destroyed into H and then escapes to
space (Fox 2015; Haberie et al. 2017; Jakosky et al. 2018; Stone et al. 2020). The photo-
dissociation is maximum during the southern summer when Mars is closest to the Sun. In
MY34, dust events boosted the escape rate of H atoms by a factor of 5 to 10 during the
southern summer (Chaffin et al. 2021). The charge exchange between solar wind protons
and hydrogen corona produce ENAs, which pass unimpeded through the bow shock and
subsequently undergo additional charge exchanges and collisions with neutrals in the lower
atmosphere to create proton aurora (Deighan et al. 2018; Hughes et al. 2019). Therefore,
proton aurora can serve as a proxy for water loss from Mars.

MAVEN also carried a Solar Wind Ion Analyzer (SWIA) instrument to measure the ion
flux with energies from 5 eV to 25 keV. Figure 16 shows time variation of dayside proton
flux and mean IUVS Lyman « intensity enhancement at periapsis altitude during March and
April, 2015. Three peaks of proton fluxes of 2.8 x 10® cm™2s7!, 1.65 x 10® cm™2s~! and
0.78 x 10% cm™2 5! have been observed on 8 March 2015, 1 and 3 April 2015 during orbits
# 850, 975 and 986 respectively (Deighan et al. 2018). These peaks are produced by the
ENAs associated with the penetrating protons observed by the SWIA instrument. Halekas
et al. (2015) also studied the energy and flux of penetrating protons into the atmosphere of
Mars. They observed maximum proton flux ~ 3.0 x 10° cm™2s~!, 2.8 x 10® cm™2s~! and
3.2 x 10° cm™2s~! on 27 February, 8 and 24 March 2015, respectively at periapsis altitude
during the daytime.

4.3 ENAs Precipitation
The hydrogen ENAs are produced in the vicinity of Mars when the solar wind protons

undergo charge exchange with atoms from the exosphere. Due to neutrality, ENAs are de-
coupled from electromagnetic fields and propagate freely. Because of their energy which is
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Fig. 15 (a) IUVS observed brightness profiles for Ly « and several CO; ionization and dissociation products
on MAVEN orbits 985 and 986. Each emission plot contains profiles from 12 limb scans with shading from
dark to nights indicating chronological order of acquisition. (b) The same Ly « brightness in a synthetic image
format showing the illumination of 12 limb scans ordered from left to right. Each scan has 21 integrations
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CO; absorption of Ly o becomes important for tangent altitudes of less than 120 km (from Deighan et al.

2018)
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peaks occur. Each sample is colored according to the SZA of the tangent point at the peak. The background
fluorescent source has been subtracted using the mode of the brightness above 160 km (from Deighan et al.
2018)

< 1 keV, the gravitational effect is negligible. ENAs can thus reach low altitudes and pre-
cipitate into the atmosphere. There are very few observations of Martian ENAs because
ASPERA-3 is the only experiment at Mars capable for performing such measurements
(Barabash et al. 2006; Futaana et al. 2006a,b,c; Galli et al. 2006a,b; Grigoriev et al. 2007).
ENAs are produced in the magnetosheath of Mars. The modeling studies have focused on
ENA production rates both upstream of the bow shock and in the magnetosheath (Kallio and
Janhunen 2001 ; Kallio and Barabash 2001; Haider et al. 2002; Galli et al. 2008; Diéval et al.
2012; Haider and Masoom 2019). According to these simulations 1-3% of the solar wind
protons are charge exchanged into ENAs upstream of the bowshock for nominal solar wind
conditions (Kallio et al. 1997). In this region the fast hydrogen atoms have the same energy,
which moves in the same direction, as protons just before the collisions. In this process the
solar wind protons turn into fast hydrogen atoms at high altitudes. The combined atoms
(H"-H) penetrate deeper into the Martian atmosphere and lose their energy at low altitudes
after collision with atmospheric gases.

Figures 17a and 17b represent the precipitating proton flux and energy flux with respect
to SZA respectively, at a fixed altitude of 207 km (Kallio and Janhunen 2001). In these fig-
ures, the variations of fluxes are shown by dotted-dashed curve in the + E,, hemisphere. The
flux in — E,, hemisphere is shown with a dashed curve, while the average flux in both hemi-
spheres is shown by solid curve. The solar wind flux, when it can hit the atmosphere directly,
is shown as dotted curve. A sketch of the hemisphere is also indicated at the corner of this
figure. Figures 18a and 18b represent the precipitating hydrogen flux and energy flux with
respect to SZA respectively, at a fixed altitude of 207 km (Kallio and Barabash 2001). The
two curves represent the solar wind proton ENAs produced upstream of the bow shock (dot-
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Fig. 17 (a) Particle and (b) energy flux of precipitating H' ions into the Martian atmosphere at different
SZA. The solid lines with open circles show the average flux on the atmosphere. The dash-dotted lines show
the flux to the +Z (Z > 0) hemisphere, and the dashed line shows the flux to the —Z (Z < 0) hemisphere.
The dotted lines in Fig. 13a and 13b represent the flux ~ 1 x 108 cos (SZA) cm—2s~! and ~ 856 x 108
cos (SZA) eVem 25! respectively, which corresponds to total solar EUV flux in the wavelength range
from 15 A to 1026 A. The small figure on the top right corner in Fig. 13a illustrates the +Z (Z > 0) and
—Z (Z < 0) hemispheres with respect to the direction of the convective electric field in the solar wind (Esw)
(from Kallio and Janhunen 2001)

ted curve) and the total amount of ENAs (produced upstream and downstream) (solid line).
These calculations are made from Hybrid model (Kallio and Janhunen 2001; Kallio and
Barabash 2001). This model predicts that there is no precipitating hydrogen ENAs beyond
SZA ~ 100°, in contrast to proton precipitation which also exists even during the nighttime.
Therefore the precipitating protons can be an ionization source in the daytime and as well
as in the nighttime atmosphere. But hydrogen ENAs do not precipitate in the nighttime at-
mosphere. It is found that the precipitating ENAs energy flux is two orders of magnitude
smaller than the proton energy flux. The precipitating HY-H particles deposit their energy
via collision with atmospheric gases at an altitude ~ 120 km (Haider et al. 2002; Bisikalo
et al. 2018; Gérard et al. 2019). The Hybrid simulation indicates that the precipitating H*-H
flux is the highest at the sub-solar point and decreases towards the nightside of Mars.

4.4 Electron and Proton Precipitation

Electron fluxes with typical magnetosheath energy distribution are frequently observed
within the Induced Magnetosphere Boundary (IMB) (e.g. Soobiah et al. 2006; Halekas
et al. 2015; Dubinin et al. 2017). The crustal and induced magnetic fields together play a
very important role in the morphology of electron and proton entry into the atmosphere of
Mars. It is known that Mars contains an induced magnetosphere (Yeroshenko et al. 1990;
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Fig. 18 (a) The particle and (b) the energy flux of precipitating hydrogen atoms for different SZA. The flux
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Mitchell et al. 2007; Nagy et al. 2004; Ramstad et al. 2020). The IMF field line piles up
around the planet to form a magnetic barrier on the dayside and then drape around the
planet and finally stretch due to mass loading and form a magnetotail (see Fig. 19). The
magnetic field measurements onboard Phobos 2 and MGS have confirmed that the Martian
magnetotail is mainly an induced one. However, the possibility of existence of a weak in-
trinsic magnetic field is not ruled out (Verigin et al. 1991; Brain et al. 2003; Haider et al.
2013; DiBraccio et al. 2018).

The strong crustal magnetic fields provide a shielding effect to the solar wind plasma.
The merging of the radial fields with IMF forms cusp-like structures that facilitate the entry
of electrons (Mauk and Bagenal 2012). When such merging occurs, the electrons can follow
the open field lines of the cusps and travel down to the atmosphere (Brain et al. 2006; Mat-
sunaga et al. 2015). The nightside ionosphere of Mars can have two main sources of plasma.
The first being magnetic field geometry topology (Lillis et al. 2013; Xu et al. 2016) resulting
in impact ionization from precipitating electrons of solar wind origin (Verigin et al. 1991;
Haider et al. 1992; Fox et al. 1993; Haider 1997, Lillis et al. 2011; Haider et al. 2013). The
second source is thought to be day-to night plasma transport across the terminator (Frinz
et al. 2010; Chaufray et al. 2014; Cui et al. 2015). Viking 1/2, Mars 4/5 and MEX have
observed a broad peak in the nighttime ionosphere of Mars between altitude 140 km and
160 km at SZA 101° to 125° (Savich and Samovol 1976; Vasiliev et al. 1975; Zhang et al.
1990; Withers et al. 2012). Fowler et al. (2015) found that in the weak crustal field region
(B < 20 nT) the occurrence rate of the nightside ionosphere decreased with increasing SZA
up to ~ 125°. They suggested that dayside plasma transport plays a crucial role for iono-
spheric formation in this region. For strong crustal field regions (B > 20 nT) they did not
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Fig. 19 The schematic representations of horizontal plasma transport from dayside to nightside ionosphere
across the terminator region

find any SZA dependence. The nightside occurrence rate was more than 4 times greater for
near vertical aligned magnetic fields when compared with the horizontally aligned magnetic
fields, suggesting the precipitating electrons could be a key ionization source for this region.

The solar wind protons have been observed at altitudes as low as 270 km in the Martian
ionosphere. The low altitude protons were first reported by Lundin et al. (2004). Dubinin
et al. (2008) reported that the solar wind protons penetrate deeper into the dawn side atmo-
sphere than on the dusk side atmosphere. Diéval et al. (2012) analyzed this event further
and suggested that the finite gyro radius effect may cause the observed proton precipitation
into the ionosphere of Mars. It should be noted that these protons and electrons have low
energy (few 100 eV) and thus can always reach into the upper atmosphere of Mars (Bisikalo
et al. 2018). The discrete aurora, proton aurora and diffuse auroras are produced at Mars for
a few hours during disturbed conditions of the sun when the high energy (1 keV-100 keV)
accelerated protons and electrons associated with ENAs, and CMEs or SEPs precipitate into
the atmosphere of Mars.

5 Diffuse Aurora on Mars

Schneider et al. (2015) observed diffuse auroral emission of CO;r (Bzil;r — ing) Ultravio-
let Doublet (UVD) band at 289 nm band from IUVS instrument in the nighttime atmosphere
of Mars due to the precipitation of SEP electrons at 1 microbar altitude. This aurora is
neither connected to the magnetic field nor restricted to any fixed location (in terms of lat-
itude and longitude). It is thus related to SEP impact on the Mars’ atmosphere. Recently
Gérard et al. (2017) have used incident flux of ~ 1 mWm™? at the top of the atmosphere
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Fig.20 The top spectrum shows three dayglow emission features from the ionization and dissociation prod-
ucts of COy created by solar EUV radiation. The bottom spectrum shows nightglow NO emission. Dotted
lines from peaks in the top and bottom spectra show that the middle spectrum from the nightside is a com-
bination of features seen in dayglow and nightglow indicating that particle precipitation (auroral event) is
responsible there for creating the spectral features of dayglow on the nightside. The difference at 289 nm is
most pronounced as the nitric oxide and Cameron bands have considerable overlap. Spectra were obtained
during orbit # 114 (top), 437 (middle) and 387 (bottom). OI refer to emission from neutral oxygen (from
Schneider et al. 2015)

and calculated limb intensity profiles of CO; UVD band for comparison with TUVS obser-
vations. They found that electrons of 100 keV can produce the observed peak limb intensity
of diffuse aurora. Later Haider and Masoom (2019) used Hybrid model and AYS approach
based on Monte Carlo simulation to study the auroral ionosphere of diffuse aurora due to
precipitation of H"-H fluxes and SEP electrons of energies of 25 keV to 100 keV in the
nighttime ionosphere of Mars.

Figure 20 represents relative brightness of three types of mid-UV (180-340 nm) spectra
observed by IUVS instrument at Mars (Schneider et al. 2015). The auroral emissions are
not observed at far UV wavelength range (110-190 nm). The top spectrum shows the three
dayglow emission features from the ionization of COJ UVD and dissociation products of
CO; into CO Cameron and OI 297 bands. These spectra are created by solar EUV radia-
tion. The bottom spectrum shows a nightglow feature of NO. The middle spectrum shows
a nighttime auroral feature of CO;r UVD, which are more pronounced than the nightglow
spectrum of NO. The auroral emissions are ~ 20 times weaker than the dayglow emission.
The diffuse aurora on Mars occurred on a global scale spanning over all longitudes in the
northern hemisphere for the period from 17 to 21 December 2014 for the 17 periapse passes
of orbits # 418 to 444. These observations were carried out in the nighttime at latitudes from
35°N to 70°N with the local time varying from 00:30 to 05:00 (Schneider et al. 2015).

Recently Schneider et al. (2018) have also observed 25 times brighter diffuse aurora in
the nighttime from [IUVS instrument onboard MAVEN during the space weather events that
occurred in September, 2017. Figure 21 shows nightside image taken at the start and at the
peak of the space weather event. In the left image Mars’ disk shows a uniform background
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Fig.21 Mid-ultraviolet images of Mars’ aurora during nighttime: left image at the start of the space weather
event on 12 September 2017 at 07:24 UTC and right image at the peak of the space weather event on 13
September 2017 at 05:34 UTC. The purple-to-white brightness scale displays the auroral emission intensity
from 0 to 2.0 kilo Raleigh (from Schneider et al. 2018)

consistent with the instrument noise and the limb shows a faint but significant brightening.
The right side image, taken at the peak of the space weather event, shows a pronounced
auroral emission during the entire nightside of Mars. The left side image was taken on
12 September, 2017 at 07:24 UTC during orbit # 5726. The right image was taken on
13 September, 2017 at 05:34 UTC during orbit # 5731. Both diffuse auroras observed by
Schneider et al. (2015, 2018) are consistent with high energy particle precipitation.

5.1 Emission Intensity of Diffuse Aurora

Figure 22 represents a geographic distribution of auroral intensities of C02+ UVD emissions
superposed on a map of Mars. These auroras were observed during the 5 day period of SEP
enhancements in December 2014. The observed nighttime auroral emissions had a spatial
coverage from 35°N to 70°N. These observations were limited to the northern hemisphere.
There is no correlation between the geographic location of the aurora and its brightness.
Schneider et al. (2015) argued that local time seems to play an important role in controlling
the diffuse auroral emissions. They have reported that while the diffuse aurora occurred
in the midnight (00:30 hour) at low latitudes (~ 35°N), these occurred near the evening
terminator (~ 17:00 hours) at high latitudes (~ 70°N).

Figure 23 represents observed vertical limb intensity profiles of nighttime diffuse aurora
and dayglow emissions. The red curve denotes the CO; UVD dayglow emissions near the
terminator. The purple curve indicates the CO; UVD limb intensity of diffuse aurora at
the nightside terminator region. The modeled profile of diffuse aurora is also plotted in this
figure from Schneider et al. (2015). The dayglow emissions are produced due to solar EUV
absorption by the atmospheric gases in the altitude range 120 km and 150 km. The nighttime
aurora is produced due to precipitation of SEP electrons, which excite auroral emission at
an altitude around 70 km. The black curves represent the model profiles. The dashed lines
show the estimated limb intensity profiles due to precipitation of monoenergetic electrons
with energies 0.1 keV to 100 keV. As mentioned above the dayglow limb emission intensity
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Fig. 22 The CO;r UVD emission brightnesses superposed on a map of Mars. The extent of emission was
limited by the regions observed rather than the occurrence of auroras. All observations were obtained along
the same nightside orbit path evident in the pattern of parallel arcs stopping up to the right Geographic
coverage was obtained by the rotation of the planet underneath on subsequent orbits with longitudes shifting
~ 66° westward every orbit. It is possible that a large fraction of the nightside exhibited auroral emission
during this orbit (from Schneider et al. 2015)
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of COF UVD band is larger than the nighttime limb intensity of diffuse aurora by a factor
of ~ 20. Both these emissions exhibit a broad peak at different altitudes.

5.2 Effects of CME and Magnetic Storms on Mars

During solar flares, high energy particles and plasma masses are emitted from the active
region of the sun into the interplanetary space. These energetic streams produce violent dis-
turbances in the Martian ionosphere. In this section we will review magnetic storm and iono-
spheric disturbances due to the impact of solar flares and CME/SEP on the atmosphere of
Mars. Effects of solar X-ray flares on the ionosphere of Mars have been reported by several
authors. For example, Nielsen et al. (2007) by using MARSIS ionospheric measurements,
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reported a strong enhancement in the peak electron density from 1 x 10° to 3 x 10° cm™ at

08:39 UT on 15 September 2005. Mendillo et al. (2006) reported two electron density pro-
files, which increased about 200% due to solar X-ray flares on 15 April and 26 April 2001 at
13:50 UT and 13:10 UT respectively. Mahajan et al. (2009) reported effects of seven X-ray
flares in the E and F1 regions of the Martian ionosphere. Fallows et al. (2015) examined
all the electron density profiles observed by MGS and reported effects of 32 flares in the
ionosphere of Mars. Based on MAVEN observations Elrod et al. (2018) reported heating
of the upper atmosphere of Mars due to X-8.2 class flare on September 10, 2017. Recently
Thirupathaiah et al. (2019) have studied the characteristics of all the flare effected electron
density profiles (i.e. variations of electron density with respect to X-ray flux, SZA, solar
longitude and latitude) obtained from radio occultation instrument onboard MGS during the
period 24 December 1998 to 9 June 2005.

Venus-like diffuse aurora is observed/modeled in the northern hemisphere of Mars, which
has neither a global magnetic field nor any crustal magnetic field (Fox 1992; Schneider
et al. 2015; Haider and Masoom 2019). The effects of magnetic storms have also been
detected in the Martian ionosphere at mid-to high northern latitudes. Haider et al. (2009,
2012) reported that the physical processes of magnetic storms are different on Earth and
on Mars. During the magnetic storm on Earth the magnetosphere is compressed by shock
waves driven by CME and the aurora is formed due to precipitation of high energy particles
into the ionosphere. Mars does not have a dipole magnetosphere. However, magnetosheath is
observed at about 435 km on the sunlit hemisphere of Mars during quiet conditions (Mitchell
et al. 2000). During the magnetic storms at Mars the interplanetary shocks compress the
magnetosheath to lower altitudes due to the impact of violent eruption of CMEs from the
sun (Crider et al. 2005; Kallio et al. 2010; Lee et al. 2018). Using three dimensional kinetic
solar wind model (Hakamada-Akasofu-Fry Version 2/HAFV.2) of Fry et al. (2003), Haider
et al. (2012) confirmed the effect of magnetic storms on the Martian ionosphere, about 38
hours after the eruption of solar X-ray flare that occurred on 13 May 2005.

Vennerstrom (2011) examined seven years of MGS observations during solar maximum
and early declining phase of solar cycle 24 to investigate the durations of magnetic storm
events. They have reported that the magnetic storms can affect Mars’ environment 20 to 40
hours after the eruption of CME from the sun. Morgan et al. (2014) reported a powerful CME
impact on the Mars’ ionosphere for the period 5 to 11 June, 2011. During this period the
solar wind compressed the ionospheric plasma to lower altitudes mainly due to the enhance-
ment in solar wind dynamic pressure. Luhmann et al. (2017) have also studied the effects
of Martian magnetic storm on magnetic topology of Mars and the subsequent ionospheric
changes. They used three dimensional global multispecies Magnetohydrodynamics (MHD)
BATS-US-R model to reproduce the observed enhancement in the global ion escape rate
reported by Jakosky et al. (2015) from MAVEN observations during CME event of March
2015. This model demonstrated how a combination of greatly enhanced solar wind pressure,
magnetic field and convection electric field during a magnetic storm, can result in a strong
solar wind-ionosphere coupling with important consequences in the upper atmosphere of
Mars.

5.3 Observations of X-Ray Flares from MAVEN

Solar X-ray flares and CMEs driven shocks are considered to be the primary drivers of
SEP events (Burlaga et al. 1991; Gopalaswamy et al. 2005). Figure 24a-b represents a time
series of solar X-ray fluxes observed by GOES-15 (http://ngdc.noaa.gov/stp/satellite/goes/
dataaccess.html) and LPW-EUVM instrument on board MAVEN (http://pds.nasa.gov) dur-
ing the period 15-23 December, 2014. GOES 15 observes X-ray flux at wavelength band
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Fig.24 A time series of solar X-ray fluxes during December 15-23, 2014: (a) observed by GOES 15 (http://
ngdc.noaa.gov/stp/satellite/goes/dataaccess.html) and (b) LPW-EUVM onboard MAVEN (http://pds.nasa.
gov) instruments

0.1-0.8 nm while EUVM measures X-ray flux at wavelength band 0.1-7 nm. GOES 15 de-
tected two M-class flares one on 17 and the other on 19 December 2014. It also detected
one X-class flare on 20 December, 2014. Two most intense X-class flares were observed
by EUVM on 16 and 17 December, 2014. The flare of 17 December, 2014 which peaked
at about 04:42 UT was observed by both instruments. Figure 24b indicates some data gaps
in EUVM observations before 17 and 20 December, 2014. These gaps are because the ex-
periment was in safe mode and therefore no observations were carried out at that time. The
diffuse auroras on Mars have been observed for a period of 5 days from 17 to 21 December
2014. The EUVM instrument onboard MAVEN observed two most intense X-class flares on
16 and 17 December 2014 at Mars before the occurrence of diffuse aurora. We would like
to mention that flares do not cause aurora but that flares and SEP may have a common cause
for auroral events.

5.4 Observations of SEPs from MAVEN

A SEP event occurred at Mars in December 2014 after the emission of a strong solar X-ray
flare. Figure 25a—d shows a time series of SEP electron fluxes between energies 25 keV
and 100 keV as observed by SEP instrument onboard MAVEN from 15 to 23 December,
2014 (Haider and Masoom 2019). These observations were carried out during 48 periapse
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Fig.25 A time series of SEP
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passes between orbits # 408 and 456. The data gap occurring in this figure is because we
have plotted SEP electron fluxes at periapse passes only. These data sets are plotted without
averaging over the orbit (thus all the data of a periapse pass are plotted for each orbit). The
solid line represents smooth fitting obtained from ‘Smooth Data Moving Average Filter’
method (https://mathworks.com/help/curvefit/smooth.html/). The SEP instrument observes
electron fluxes in forward and backward directions. We have plotted only the forward elec-
tron fluxes in Fig. 25a—d. The large enhancements in SEP electron spectra can be noted
between 17 and 21 December, 2014 when diffuse auroras were observed by IUVS instru-
ment. These spectra observed maximum electron fluxes ~ 2.4 x 10*, 1.3 x 10%, 7.0 x 10°
and 5.1 x 10° cm™2s~!sr™! at energies 25 keV, 50 keV, 75 keV and 100 keV respectively.
The SEP peak electron fluxes were seen to decrease with increasing energy.

Figure 26 represents a time series of orbit-averaged solar wind plasma parameters ob-
tained from SWIA and magnetometer instruments onboard MAVEN during SEP activity
between 15 and 23 December, 2014 (Lee et al. 2017; Haider and Masoom 2019). The IMF
fields changed at about 22:40 UT on 17 December, 2014 from anti-sunward to sunward
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directions at ¢ = 120° to ¢ = 300° respectively. Around the same time magnetic field com-
ponents also rotated from —B,, +B, to +B,, —B,. The angle (theta) is nearly zero when
the magnetic fields are rotating from x to y components. This observation confirms that the
heliospheric current sheets (HCS) were crossing at that time. After the HCS crossings SWIA
observed a peak density of ~ 15 cm™3 and peak pressure of 2.5 nPa at about 02:00 UT on
18 December, 2014. The total IMF field and solar wind speed also increased up to ~ 9 nT
and ~ 390 km/s respectively between December 18 to 21, 2014. After this SEP event, the
solar wind plasma and IMF values returned to their background levels.

The MAVEN has also observed SEP electrons (20-200 keV) arriving at Mars on 10
September 2017 3 h after the emission of a X8.2 class flare (Lee et al. 2018; Luhmann et al.
2018). During this event MAVEN/EUVM observed several additional X-class flares, which
were not visible from Earth based satellite such as GOES or SDO (Chamberlin et al. 2018).
The SEP electron fluxes produced by these flares, penetrated into the induced magnetic bar-
rier and then precipitated into the Martian atmosphere, thereby driving heating, dissociation,
and ionization rate (Ramstad et al. 2018). Xu et al. (2018) investigated magnetic topology re-
sponse to the 2017 September ICME event. They observed the deepest IMF penetration over
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northern hemisphere down to altitude as low as 200 km due to enhanced solar wind dynamic
pressure during the periapsis passage. This event caused global diffuse aurora in the night-
time of Mars (Schneider et al. 2018). Harada et al. (2018) investigated Martian nightside
ionosphere during the September 2017 SEP event from MEX/MARSIS instrument together
with the MAVEN dayside observation. They concluded that this was a very high solar dy-
namic pressure event. Sdnchez-Cano et al. (2019) observed a blackout in MEX/MARSIS and
Mars Reconnaissance Orbiter (MRO)/Shallow Radar (SHARAD) signals during this event,
probably caused by a signal absorbing transient ionization layer formed at lower altitudes.

6 Mechanisms of Nighttime Aurora

Since Mars has no dipole magnetic field, the physical processes of Mars’ aurora are differ-
ent from Earth’s aurora. Fox (1992) argued that Mars should have Venus-like aurora because
both planets have induced magnetosphere with similar composition of atmospheric gases.
Auroral particles have shown important effects on the atmosphere beside the excitation of
the auroral spectrum. These include the enhanced heating rates and the production of strong
ionization. Auroral ionization is responsible for increasing electron density, electrical and
thermal conductivity in the Mars’ atmosphere. There are several acceleration mechanisms,
which participate in the production of auroras. Brain and Halekas (2012) reported that the
electrons are partly accelerated downward into the Martian atmosphere by quasi-stationary
field aligned potential. A variety of additional mechanisms may also be contributing to au-
rora, including the day to night transport of ionospheric particles, wave reconnection and
particle acceleration in the magnetotail current sheet.

6.1 Day to Night Transport of Photoelectrons

Figure 27a illustrates the transport of dayside photoelectrons into the nightside ionosphere
across the terminator and formation of discrete aurora in the mini-magnetosphere of Mars. In
this region IMF field lines are mostly connected between dayside and nightside ionosphere
of Mars (Weber et al. 2020). Leblanc et al. (2006, 2008) reported peak electron energy range
of discrete aurora from 40 eV to 350 eV. They argued that auroral emissions are produced,
most probably, by electrons with energy distribution peaking at few tens of eV rather than by
those electrons peaking above 100 eV. Based on 3-D MHD modeling of the magnetic field
draping around Mars, Liemohn et al. (2007) also reported that, most likely, electrons which
produced the observed UV aurora emission were non-accelerated magnetosheath electrons
rather than photoelectrons.

6.2 Inverted ‘V’ Potential Structures

Most of the observations presented in Sect. 3 are consistent with the existence of quasi-
static field aligned potentials above the cusp regions on the Martian nightside (Fig. 27b).
This process is similar to terrestrial auroral particle acceleration, where peaked ‘inverted —
V’ particle energy distributions are reminiscent of charged particles observed in the field-
aligned current regions at Earth (Lundin et al. 2006; Dubinin et al. 2008; Marklund 2009;
Fillingim et al. 2012; Ip 2012; Xu et al. 2020). In order to sustain this mechanism on Mars,
strong parallel electric field is required for the drop in field aligned potential above the iono-
sphere. Dubinin et al. (2008) calculated parallel electric fields for different potential drop
structures on Mars. They found that the potential drop increases with ionospheric electric
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Fig.27 Schematic representations of various mechanisms for the formation of the nighttime aurora at Mars:
(a) Formation of discrete aurora in the mini-magnetosphere of Mars due to transport of photoelectrons from
dayside to nightside atmosphere across the terminator, (b) Inverted “V’ potential structure can be created
above the cusp region on the Mars nightside aurora in presence of strong electric fields, (¢) The magnetic
reconnection process is proposed in the magnetotail of Mars for high energy electron precipitation in the
nighttime atmosphere of Mars, and (d) The current sheet of Mars’ magnetotail is also thought to provide
access for the accelerated electrons to the nightside aurora (from Brain and Halekas 2012)

field. The auroral electric field increased up to a few mV/m for a larger potential structure
of ~ 100 km. The electric and magnetic field strengths are very low in the ionosphere of
Mars, in comparison to Earth’s ionosphere. Therefore, relatively small potential drops can
appear in the presence of strong crustal fields when the magnetosphere and ionosphere are
decoupled by a zone with strong parallel electric field. Ip (2012) also proposed a ‘V’ shaped
potential structures, where electrons are precipitating downward and conic ions were escap-
ing upward in the presence of strong crustal magnetic fields. He suggested that only those
ions which are created in the crustal fields and connected to IMF field lines would be able
to escape. The ions which are created in the magnetic flux tubes of close field lines will
be trapped in a bouncing motion. Recently Xu et al. (2020) have also identified V electron
events from late February to March 2019, when MAVEN observed aurora near periapsis over
Mars’ southern strong crustal fields. During this event the field aligned potentials increased
up to ~ 440 volt from electron observations. They have calculated maximum upward current
density ~ 2.5 uA/m?, where inverted V electron acceleration events occurred.

6.3 Magnetic Reconnection and Waves

It should be noted that field aligned potential drops are not the only mechanisms for particle
acceleration in the nighttime aurora. The magnetic reconnection is also reported to con-
tribute to the nightside aurora (Eastwood et al. 2008; Brain and Halekas 2012; Luhmann
et al. 2017). This process occurs when IMF field lines are coupled with crustal field lines
and the new field lines are connected to Mars and open to space. The MAVEN observa-
tions and simulations have indicated that Martian magnetotail is twisted due to magnetic
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reconnection (Brain et al. 2015; Dong et al. 2015). In this process high convection elec-
tric field E = —VXB is produced at the magnetosphere — ionosphere boundary (Luhmann
et al. 2017). Figure 27c taken from Brain and Halekas (2012) shows a schematic of mech-
anism for the electron entry into the nightside ionosphere of Mars due to wave acceleration
in the magnetic reconnection region. This mechanism produces electron conic pitch angle
distribution, which provides a source of energy for electrons passing from the reconnection
diffusion region (Ulusen et al. 2011).

6.4 Current Sheet of Mars’ Magnetotail

The configuration and stability of the Mars” magnetotail current sheet depends on the ratio
of plasma pressure to magnetic field pressure () and Mach number (M). Artemyev et al.
(2017) have analyzed more than 200 current sheet crossings in Mars’ magnetotail to study
these parameters and compared them with the Earth’s magnetotail parameters. They found
that Mars’ magnetotail current sheet occupies much wider range of these parameters than
Earth’s magnetotail current sheet. It is not clear whether or how the observed current sheets
provide access for accelerated electrons to the nightside aurora at Mars. Therefore, the solar
wind parameters observed by MAVEN in the current sheet makes this region very impor-
tant for detailed investigations of how various dynamical processes (magnetic reconnection,
particle acceleration etc.) depend on current sheet location and configuration. Figure 27d
represents an intriguing mechanism of acceleration for electrons in the current sheet on
Mars’ nightside atmosphere. All the four mechanisms shown in Fig. 27a—d can occur on
Mars and contribute to the occurrence of nightside auroras.

7 Modeling Experiments of Martian Aurora

As mentioned before, several mechanisms are contributing to Martian auroras, including
day-night transport of SEP and CME electrons, ENAs precipitation, waves and reconnec-
tion and particle acceleration in the magnetotail current sheet. The understanding of these
mechanisms requires a balanced effort in theoretical modeling and analysis of the obser-
vations. The theoretical models based on fundamental principles in conjunction with data
obtained from recent Mars missions are important to improve our understanding of physi-
cal, chemical and dynamical processes of the aurora. To help in strengthening this area of
research, we review various models of Martian aurora. This will help to distinguish between
the different mechanisms, constrains the variation in auroral acceleration and brightness
at different wavelengths, correlate auroral activity with external conditions, and determine
the importance of auroral processes for atmospheric electrodynamics and atmospheric es-
cape. In the following, we review the various plasma and auroral emission models that are
currently used in the simulation of observed Martian auroral features. Plasma models pro-
vide the external conditions (e.g. precipitating electron, proton and ENA fluxes; acceleration
mechanisms, etc) that drive auroral emission models. Both are important for this review.

7.1 Plasma Models
The basic capabilities and limitations of different types of plasma models, including those
commonly utilized for Mars studies, along with the electromagnetic equations solved, are

thoroughly reviewed in Ledvina et al. (2008). In the following we give a brief review of
these plasma models.
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7.1.1 Hybrid Model

The hybrid model has been used by several investigators (Kallio and Janhunen 2001; Kallio
and Barabash 2001; Haider et al. 2002, 2013; Haider and Masoom 2019). In this model H*
ions are accelerated up to energies 10 keV in the presence of electric and magnetic fields as
given below:

dvV; i F;

9B 4+ ViXB) + — )

dt m; m;

where V;, m;, and g; are velocity, mass, and charge of an iy, ion respectively. F is a Lorentz
force. In this model magnetic field B is calculated by Faraday’s law. The electric field E is
calculated from electron momentum equation as follows:

\Y
E=—uXB— 2 @)
en,
where u, is the bulk velocity with pressure gradient Vp, = KzT,Vn,, T, is the electron
temperature, K is a Boltzmann constant, and »n, is the electron density. The term u, is
calculated from the current density J as follows

D qini S

en, en,

Ue 3)

In Eq. (3) the electric current density J is derived from the Ampere law. Under quasi-

neutrality condition the electron density n, is equal to the total density of positive ions
2idini

n, ==L,

Sincee Mars has no dipole magnetic field (Acuiia et al. 1998), the interplanetary shock
compresses the magnetosheath of Mars during the auroral events. In the magnetosheath, the
planetary neutrals are mainly H atoms of the hydrogen corona. In this region, ENAs are
produced by charge exchange between solar wind protons and hydrogen corona. An ENA is
the product of H* and H (Galli et al. 2008) and can be represented as H'-H.

In the Hybrid-model atmospheric effects of ENAs precipitation are included by Monte
Carlo simulation (Kallio and Barabash 2001; Kallio and Janhunen 2001). Haider and Ma-
soom (2019) modeled limb intensity profiles of diffuse aurora due to precipitation of ENAs
and SEP monoenergetic electrons (25 keV, 50 keV, 75 keV and 100 keV) for the nightside
ionosphere of Mars. Figure 28 represents the comparison between observed and modeled
profiles of limb intensities of CO;r UVD in the nighttime ionosphere of Mars. This result
shows that the SEP electrons of 100 keV are enough to produce the observed peak limb
intensity at about 75 km, the altitude where MAVEN observed nighttime auroral emissions.
However, the observed SEP flux cannot reproduce complete profile of the observed UV
emission. In the upper ionosphere the observed limb intensity is produced due to ENA pre-
cipitation into the nighttime ionosphere.

It should be noted that Kallio and Janhunen (2001) developed the Hybrid model for the
three gases CO5, NS, and O™ only. The production rates of OF and CO™" play a very impor-
tant role in the chemistry of auroral ionosphere. Therefore, this model should be extended
to other ions also. However, there are several advantages of this model, which are: (1) Itis a
three dimensional model which is useful for solar wind interaction with Mars, (2) It includes
kinetic effects of plasma, wave particle interaction and plasma instabilities, and (3) It is a
self consistent model in which plasma is traveling in the presence of electric and magnetic
fields in accordance with Maxwells equation.
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Fig. 28 The limb intensities of
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The MHD model has been developed to study solar wind-Mars interaction, auroras, mag-
netic storms and ion escape from Mars (Liemohn et al. 2007; Brain et al. 2010; Andrews
et al. 2016; Ma et al. 2004, 2017; Regoli et al. 2018; Luhmann et al. 2017). The different
forms of MHD have been reported viz. ideal MHD, multispecies MHD, Hall MHD, and
multi fluid MHD models. The ideal MHD model can be understood by continuity, momen-
tum and energy equations as well as Faraday’s law as given below:

Continuity Equation

)
a—f+v.<pu>=P—pL “
Momentum Equation
]
P $+u.v u=JxB—-V.p (5)
Energy Equation
a
2 L V.(eu)=—pV.u 6)
ot
Faraday’s Law
0B
— =—-VXE 7
at
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where u is bulk plasma velocity, p is plasma density, p is pressure, € is energy, E is electric
field, B is magnetic field and J is current density. The production and loss term of Eq. (4) is
generally taken equal to zero in MHD simulation. The different forms of MHD models have
been used by using different forms of Ohm’s Law. In ideal MHD model, ideal Ohm’s law
(E = —u x B) is used. Hall MHD includes Hall term (~ J x B) in Ohm’s law. In multispecies
MHD model several ion species are considered. BATS-R-US MHD model is a multispecies
version (Luhmann et al. 2017). In multi fluid MHD model plasma is modeled as a fluid.
MHD model is also developed into one, two and three dimensions to study the dynamics
of the auroral ionosphere of Mars. All MHD models assume a Maxwellian velocity distri-
bution function. Recently the response of ICMEs at Mars was observed by MAVEN during
March 2015 (Jakosky et al. 2015). Using BATS-R-US (MHD) model Luhmann et al. (2017)
studied the effect of magnetic storm due to ICME impact on Mars. They found that solar
wind pressure, magnetic field and electric field combine produced strong magnetospheric
coupling with important consequences in the upper atmosphere and ionosphere energiza-
tion. Due to limitation of computational resources, the simplest ideal form of MHD model
is used to study the auroral phenomena caused by energetic particle precipitation from the
cusp region into the nightside atmosphere of Mars (Mauk and Bagenal 2012; Luhmann et al.
2017).

7.2 Auroral Emission Models
7.2.1 Monte Carlo Model

In the Monte Carlo model a random number between O and 1 is generated to determine
whether a collision takes place or not. If not, the amount of energy lost through Coulomb
losses to the ambient electrons is calculated from Butler-Buckingham formula (Dalgarno
et al. 1963) and is added to the accumulated energy loss. If the collision with atmospheric
gases occurs, a further decision is made whether the collision is elastic or inelastic. The
one dimensional Monte Carlo model is used by several investigators to study the electron
excitation, ionization and airglow processes in the planetary atmospheres (Ip 1998; Singhal
and Bhardwaj 1991; Bhardwaj and Michael 1999; Bhardwaj and Jain 2009). This method
is also used to solve the Boltzman transport equation for the dayglow and auroral emissions
integrated along the line of sight and compares well with the limb profiles observed by
SPICAM and IUVS instruments onboard MEX and MAVEN respectively (Shematovich
et al. 2008; Gérard et al. 2015, 2017; Bisikalo et al. 2017, 2018).

A three dimensional Monte Carlo model is used for the formation of aurora due to ENAs
(H*-H) precipitation into the atmosphere of Mars (Kallio and Barabash 2001; Kallio and
Janhunen 2001; Haider et al. 2002, 2013; Haider and Masoom 2019). This model includes 6
elastic and 24 inelastic collision processes (ionization, electron stripping, charge exchange,
Lyman-«, and Balmer-«) between energy 10 eV and 10 keV for the impact ionizations
of H-H with atmospheric gases (Haider et al. 2002). The energy losses and the number
of collisions are recorded into different matrices which give production rates at different
altitudes and SZA (Haider et al. 2002; Haider and Masoom 2019). Deighan et al. (2018)
modeled limb intensity profiles of proton aurora observed by IUVS instrument onboard
MAVEN due to precipitation of ENA flux (1-3 x 10% cm™2s7!) in the dayside atmosphere
of Mars. Figure 29 represents altitude profiles of limb intensities of proton aurora compared
with model and IUVS observations carried out on 8 March, 1 and 3 April 2015 at SZA 66°,
66° and 62° during orbits # 850, 975 and 986 respectively.
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Fig. 29 Observed and modeled Ly « brightness. Symbols indicate limb observations made by the IUVS,
dashed lines are estimated fluorescent scattering by thermal hydrogen using nearby orbits that lack a peak
and solid lines are aurora model output guided by SWIA measured penetrating proton characteristics. The
SZA of the limb scan as well as the proton energy and proton flux at the top of each plot are given (from
Deighan et al. 2018)

7.2.2 AYS Approach

The AYS approach is based on the Monte Carlo method. In this technique electrons of dif-
ferent incident energies E, are introduced at the top of the atmosphere (Singhal et al. 1980;
Haider and Singhal 1983; Bhardwaj et al. 1995; Haider et al. 2013). These electrons are
precipitating down into the Martian atmosphere along the IMF lines at some pitch angle.
The IMF field lines are draped through the atmosphere of Mars in the absence of dipole
magnetosphere. The primary incident electrons produce secondary and tertiary electrons of
energy E at position r and Z after the collision with the atmospheric gases. The r and Z are
the radial and longitudinal distances where r = (x% 4 y?)%>. It is assumed that the secondary
electrons of energy E are ejected isotropically. In this way two, three and four dimensional
yield spectrum viz. U(E, E,), U(E, Z,E,) and U(E,r, Z, E,) are developed to study the
electron energy degradation processes in planetary atmospheres. The two dimensional yield
spectrum U (E, E,) is used where the magnetic field is uniform and horizontal in direction
(Haider and Singhal 1983; Bhardwaj et al. 1990; Seth et al. 2002; Haider et al. 2006, 2010;
Haider and Mahajan 2014; Thirupathaiah et al. 2019). In this case, the electrons lose their
energy at the location where they are produced and the vertical transport of the electrons is
inhibited. The three dimensional yield spectrum U(E, Z, E,) is used where the magnetic
field is in vertical direction and the electrons do not lose their energy locally (Singhal and
Haider 1984; Haider 1997; Haider et al. 2002; Haider et al. 2010, 2013). The four dimen-
sional yield spectrum U (E, r, Z, E,) is used where the motion and spatial extent of auroral
electron precipitations are considered along the magnetic field lines (Haider and Singhal
1983, 1986; Bhardwaj et al. 1996; Haider and Bhardwaj 2005; Haider and Masoom 2019).
The yield spectra calculate the yield of any state in the mixture of gases. In three and four
dimensional yield spectrum model, the functions for Z < 0 and Z > 0 represent the up-
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ward and downward precipitating SEP electrons respectively. Recently Haider and Masoom
(2019) have used four dimensional yield spectra (for Z > 0) to study the diffuse aurora on
Mars (see Fig. 28). This method depends on elastic and inelastic cross-sections, model at-
mosphere, and solar EUV flux. The results using this model are uncertain by a factor of ~ 2
depending on the values used for the cross sections (Haider et al. 2002; Kallio et al. 2010).

The time dependent continuity and momentum equations are given in the MHD model
(see Sect. 7.1.2 and Eq. (4)). This equation can be solved separately for ionospheric densi-
ties (Shinagawa and Cravens 1989; Fox et al. 1993; Fox and Yeager 2009; Schunk and Nagy
2009; Haider et al. 2010, 2013; Pandya and Haider 2014; Haider and Masoom 2019). The
production can be obtained from chemical reactions, photoionization, photoelectron impact
ionization rate or collisional ionization due to precipitation of auroral electrons, SEP elec-
trons or ENAs particle (H*-H) into the Martian atmosphere. The loss rate is due to chemistry
of various reactions. The differential equations can be solved by the finite difference method
using lower and upper boundary conditions. At lower boundary chemistry plays the major
role and we can take initially a minimum value of electron density for iteration at lower
height. At upper boundary plasma is under diffusive equilibrium and diffusion flux is nearly
constant with height. In the Martian ionosphere, the chemical life time 7. = L~! is much
smaller up to 200 km than the molecular diffusion time constant t,, = H[-2 /D;, where H; is
the plasma scale height and D; is the plasma diffusion. Thus, the plasma diffusion can be
neglected below this altitude. For the steady state condition, ‘% =0, then p; = p;L;. Un-
der the equilibrium conditions the sum of the positive ion densities is equal to the electron
density (Zp; = p.).

Figure 30 represents a comparison of ion as well as the electron densities (COJ, OF,
NO™, and N,) in the upper and middle ionosphere of Mars resulting due to precipitation of
H"-H and SEP electrons respectively. These comparisons were done for SZA ~ 105° and
SZA ~ 127° to represent two nighttime conditions. Haider and Masoom (2019) found that
the H'-H impact ionizations do not provide as substantial source of ionization in the upper
ionosphere as SEP electrons provide in the middle ionosphere. In these calculations Hybrid
model, AYS approach and couple continuity equations have been used. The peak densities
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of O, NO" and COJ are estimated to be 1 x 10° cm™2, 8 x 10> cm™ and 1 x 10! cm~3 at
altitudes 140 km, 135 km and 138 km respectively due to H"-H impact ionizations at SZA
127°. At SZA 105°, the peak altitudes of these ions are lowered by 10-15 km and their peak
densities were increased by a factor of ~ 2. The peak electron densities are estimated to be
~3.3 x 10* and 1.2 x 10 at SZA 105° and 127° respectively due to H"-H impact ioniza-
tions. The peak densities of O5, NO" and COJ due to precipitation of auroral electrons of
100 keV were estimated to be 3 x 10* cm™>, 10° cm ™ and 65 cm™ at altitudes 75 km,
90 km and 80 km respectively.

7.2.3 Boltzmann Kinetic Transport Model

The photoelectron and auroral electron lose their excess kinetic energy after collision with
the atmospheric gases. Their kinetics and transport are described by Boltzmann transport
equation:

afe | 0fe

+s

u =
ar ou

Qep @) + Qes@) =D T (fer fin) ®)

where s is the acceleration due to gravity, f,(r,u) and f,,(r,u) are the velocity distribu-
tions of electrons and species respectively. In Eq. (8) the first and second terms represent
the radial and velocity distributions of the electrons. The left side of the kinetic equation
describes the transport of the electrons in planetary gravitational field s. In the right side
of the kinetic equation the terms Q. , (u) and Q. (u) represent productions due to pho-
toionization and secondary electrons respectively. The term J( f,, f,,) represents scattering
due to electron collisions with the atmospheric gases m (= O, CO,, N; and CO). Shema-
tovich et al. (1994, 2008) used the Direct Simulation Monte Carlo (DSMC) method to solve
the Boltzmann kinetic equation. Recently this model has been used to calculate the auroral
emission intensities of hydrogen Lyman-o (121.6 nm), COJ UVD at 288.3 and 289.3 nm
and the Fox-Duffendack-Barker (FDB) bands, CO Cameron and Fourth Positive bands, OI
130.4 and 297.2 nm and CI 156.1 nm and 165.7 nm multiplets (Soret et al. 2016; Gérard
et al. 2017, 2019; Bisikalo et al. 2017; Shematovich et al. 2019).

The Boltzmann kinetic transport model is solved by the DSMC method using the stochas-
tic approximation (Shematovich et al. 2008). In this method various elastic and inelastic
cross sections are also used due to collisional processes. The values of cross sections used
by various investigators are not consistent with each other and a factor of 2-3 variations can
be seen among the values used. Therefore the result using the Boltzmann kinetic transport
model are uncertain by a factor of ~ 2, depending upon whether the various cross sections
were obtained from the models or from the observations. This model is used by Shema-
tovich et al. (2008) and Gérard et al. (2017) to compare the auroral emissions observed by
SPICAM and IUVS instruments onboard MEX and MAVEN in the nightside and dayside
atmosphere of Mars respectively. In Table 2 we have given a summary of models used for
Mars’ auroras (It should be noted that these theoretical models can be used for any research
problems including auroras. Therefore, we do not conclude which model is good or bad.
However, based on author’s conclusions in their papers, we have categorized the perfor-
mances of various auroral models).

8 Discussion

The first observation of aurora at Mars was carried out in August 2004 by SPICAM instru-
ment onboard MEX in the nighttime ionosphere of Mars in the crustal magnetic field region
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Table2 Summary of models used for Mars’ auroras

Types of Aurora Models used Agreement between models
and observations

Discrete Aurora Boltzmann-Kinetic Transport, Monte Carlo, MHD Reasonable®:P-¢-d
Proton Aurora Monte Carlo, Boltzmann-Kinetic Transport Reasonable®:!
Diffuse Aurora Monte Carlo, AYS, Hybrid Good&:h

aSoret et al. (2016) b uhmann et al. (2017) “Shematovich et al. (2011) dL_eblanc et al. (2006) “Deighan
etal. (2018) fGérard et al. (2019) eHaider and Masoom (2019) hGérard et al. (2019)

(Bertaux et al. 2005). Later additional auroral events have been reported by Leblanc et al.
(2008), Gérard et al. (2015) and Soret et al. (2016) in the mini-magnetosphere of Mars.

Recently MAVEN has observed three types of auroras: (1) discrete aurora (Schneider
et al. 2018), (2) Proton aurora (Deighan et al. 2018), and (3) diffuse aurora by the IUVS
instrument (Schneider et al. 2015, 2018). We have reviewed in the preceding sections exper-
imental results of these auroras. A variety of physical and chemical processes and theoretical
models of Martian auroras were also reviewed. These auroras are also found in the Earth’s
atmosphere. The discrete aurora is observed within the Earth’s auroral ovals around mag-
netic poles. This aurora is powered by the combination of parallel electric field and plasma
waves that accelerate the precipitating particles into the atmosphere of Earth. A second type
of aurora is observed equator ward of the auroral zone (Lui et al. 1973). It occurs in a much
wider spatial range. It is produced from the particles scattered into the Earth’s atmosphere.
The third type of aurora is known as “polar rain’ aurora, which occurs in the pole ward of the
auroral oval due to solar wind particle precipitation but without local acceleration. Normally,
diffuse auroras are fainter than the discrete aurora. It should be noted that these terrestrial
auroras are confined to the polar region with an emission peak in the upper atmosphere
(Schneider et al. 2015).

By contrast, the discrete auroras on Mars are observed in the regions of mini-
magnetospheres due to precipitation of electrons of few keV, which were most likely ac-
celerated by parallel electric fields similar to those observed on the Earth’s discrete aurora.
The diffuse aurora occurs on Mars at low altitude ~ 70 km (Schneider et al. 2015). In Fig. 31
we have shown a comparison of field lines configuration for diffuse and discrete auroras on
Earth and Mars. This figure represents the very different magnetic field lines structures on
Mars and on Earth. The discrete aurora on Earth occurs at a high latitude region of closed
field lines connected to the planet on both ends. A similar region also occurs at Mars in
the mini-magnetosphere to produce discrete aurora. Both auroras are powered by electrons
accelerated at the sun and not locally at the planet. These electrons collide with the Earth’s
atmosphere along the open field lines in the auroral oval. The magnetic field lines of Mars
are open or draped which allow ENAs and SEP electrons to precipitate into the atmosphere
during solar storms. These particles are 100 times more energetic than those producing dis-
crete auroras (Schneider et al. 2015). The IMF field lines are mostly open and cover much
of the planet. Therefore diffuse aurora on Mars occurs everywhere on the planet.

9 Summary and Conclusions

In this paper we have reviewed three types of auroras that were observed by instruments
onboard MEX and MAVEN as follows:
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Fig. 31 Comparison of magnetic field geometry for diffuse and discrete auroras on Earth and Mars: Mars
lacks of global dipole magnetic field due to cooling of its core. Fields surrounding Mars are the combination
of small structures locked in the crust billions of years ago (lower right) and solar wind field lines draped
around the planet (from Schneider et al. 2015)

— The discrete aurora: By MEX at wavelengths 181.0 nm and 298.0 nm during the night-
time due to electron precipitation at energy < 1 keV in the southern mini-magnetosphere.
Also by MAVEN at wavelength 289.0 nm due to electron precipitation in the nighttime
southern hemisphere during space weather events of September 2017.

— The proton aurora: By MEX and MAVEN during the daytime at wavelength 121.6 nm
due to precipitation of ENAs.

— The diffuse aurora: By MAVEN at wavelengths 288.3 nm and 289.6 nm due to high
energy electron precipitation at ~ 100 keV during the CME/SEP event of December 2014.

These observations are strongly related to the sensitivity of the instruments used to ob-
serve them and were carried out in the northern and southern hemispheres of Mars in the
absence as well as in the presence of strong crustal magnetic fields (Bertaux et al. 2005;
Brain et al. 2010; Schneider et al. 2015, 2018). Several investigators have modeled these ex-
perimental results of auroras (Leblanc et al. 2008; Haider et al. 2009; Schneider et al. 2015;
Gérard et al. 2015; Soret et al. 2016; Luhmann et al. 2017; Deighan et al. 2018; Haider and
Masoom 2019) and therefore, we have also reviewed these modeling results. It needs to be
mentioned that the auroras observed on Mars were not seen by naked eyes. The visible au-
roras are yet to be observed at Mars. Although it is not very clear why the visible auroras are
not detected on Mars, we think this could be due to the following reasons: (1) The relevant
transitions are not sufficiently excited to create visible aurora or (2) The available instru-
ments are not sensitive enough to distinguish the visible emissions from the UV emissions
and a new experiment needs to be designed for such emissions. The present review paper
emphasis the need to design a future payload for detecting the visible aurora on Mars similar
to that observed on Earth.

Six missions including EMM, Mars Perseverance Rover, Rosalind Franklin Rover, Mars
global remote sensing Orbiter, Lander and Rover, MOM-2 and MMX are in the pipelines to
explore Mars. Among six missions the objectives of EMM and MOM-2 are to address key
science questions on Mars’ upper atmosphere, aurora, ionosphere, magnetic field, hot oxy-
gen corona, solar wind interaction and escape to outer space. The present review covering
topics associated with the auroral activity on Mars will be very helpful for planning of future
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Mars missions. We have also reviewed five important theoretical plasma and emission mod-
els of the Martian aurora which are: (1) Hybrid Model, (2) MHD Model, (3) Monte Carlo
Method, (4) AYS Approach, and (5) Boltzmann Kinetic Transport Model. These models
have some advantage and disadvantage in their applications and results and these aspects
have also been discussed.
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