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Abstract. Auroras are emissions in a planetary atmosphere caused by its interactions with the surrounding
plasma environment. They have been observed in most planets and some moons of the solar system. Since
their first discovery in 2005, Mars auroras have been studied extensively and is now a rapidly growing area
of research. Since Mars lacks an intrinsic global magnetic field, its crustal field is distributed throughout
the planet and its interactions with the surrounding plasma environment lead to a number of complex
processes resulting in several types of auroras uncommon on Earth. Martian auroras have been classified
as diffuse, discrete and proton aurora. With new capability of synoptic observations made possible with
the Hope probe, two new types of auroras have been observed. One of them, which occurs on a much larger
spatial scale, covering much of the disk, is known as discrete sinuous aurora. The other subcategory is one
of proton auroras observed in patches. Further study of these phenomena will provide insights into the
interactions between the atmosphere, magnetosphere and the surrounding plasma environment of Mars.
We provide a brief review of the work done on the subject in the past 17 years since their discovery, and
report new developments based on observations with Hope probe.

1 Introduction

Charged particles interact with a planetary atmosphere
and drive a number of processes [1,2] involving excita-
tion and ionization of molecules and atoms, leading to
spectacular emissions in some cases, known as auro-
ras. Auroras have been observed on several planets and
some moons in the solar system. Most auroras are gen-
erated by the interaction of the solar wind or space-
weather-related activity with the planetary magneto-
sphere (if it has one) and eventually its atmosphere.
Auroras on Jovian moons are an exception because
the source of charged particles are electrons acceler-
ated by Jupiter. On Earth, auroras have been classified
into three categories, each with a distinct mechanism
and morphology [3]. The brightest and the most com-
mon type of aurora, the “discrete aurora”, is caused by
the solar wind interacting with the magnetic field lines
along the magnetic poles and the resulting precipitation
of electrons in the atmosphere leading to these emis-
sions. The less brighter “diffuse aurora” occurs away
from the magnetic poles caused by the scattering of
particles with closed field lines in Earth’s magneto-
sphere. These two categories are common and observed
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throughout the solar system. Another type is the polar
rain aurora caused by solar-accelerated electrons inter-
acting with atmosphere near the polar region. Discrete
auroras are observed on planets with an intrinsic mag-
netic field and the diffuse ones on planets without one.
Diffuse auroras are observed on Venus (even at visi-
ble wavelengths) and Jupiter’s moons, Io and Europa,
which lack any kind of magnetic field. Venus does not
have any intrinsic magnetic field, and auroras result
from the interaction between the ionosphere, solar wind
and other space weather-related events. They are dif-
fuse and spread over the entire nightside of the planet
[4]. Jupiter is known to have the most powerful aurora
in the solar system. They are a permanent feature
observed near both magnetic poles, and also in the
region between the magnetic footprint of Io and the
main auroral emission [5]. Smaller emission features are
also associated with Jupiter’s other moons, Europa and
Ganymede.

Due to the smaller size of Mars compared to the
earth, the core of Mars cooled down early on, about
4 billion years ago and, as a result, the planet lost
its intrinsic global magnetic field. The planet eventu-
ally lost most of its atmosphere, leading to drastic cli-
mate change transforming it to a cold and dry planet
that we see today [6]. However, the magnetic field was
locked in the crust at various locations on the planet,
known as the crustal magnetic field [7]. These crustal
fields also interact with the incoming solar wind, caus-
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ing the open field lines1 to drape the planet. Discrete
auroras are caused by electrons interacting with the
atmosphere along the closed field lines, whereas diffuse
auroras by electrons along the open field lines. Proton
auroras, caused by penetration of solar wind protons as
energetic neutral atoms (ENAs), within the Martian-
induced magnetosphere2 have also been observed [8].
The interaction of solar wind plasma with the Martian
magnetosphere and atmosphere is very complex and
leads to several types of auroral emissions, which we
will describe in the following sections. In addition to
these emissions, charged particles also deposit energy
contributing to the production of ions, photochemi-
cal changes in the atmosphere, heat, and atmospheric
escape.

In this paper, we will focus on the observations of
Martian auroras by various missions and their under-
lying mechanisms (Sect. 2). In Sect. 3, we will describe
the new observations with the Emirates Mars Mission
(EMM), also referred to as the “Hope” probe, and dis-
cuss the importance of these observations (Sect. 4). This
will allow us to gain insights into a number of energetic
processes in the atmosphere of Mars.

2 Auroras on mars

2.1 Discrete auroras

Discrete auroras are the most widely studied auro-
ras on Mars. They are confined to small spatial scales
and generally observed near areas with strong crustal
magnetic fields. They were first discovered in 2005 [9]
using the SPICAM (Spectroscopy for the Investigation
of the Characteristics of the Atmosphere of Mars) [10]
instrument, a UV spectrometer on board Mars Express
[11]. The enhanced emission was observed across sev-
eral bands—the CO Band (135–170 nm), CO Cameron
bands (190–270 nm), CO2+ UV Doublet UVD (289
nm), and oxygen line at 297.2 nm, generated by elec-
trons interacting with CO2.

These auroras are thought to result from electrons
interacting with the upper atmosphere at locations with
magnetic field anomalies in the crust of Mars. A large
flux of electrons move along the crustal field lines and
excite the upper atmosphere, leading to these emissions.
This increased concentration of electrons is highly local-
ized, as opposed to auroras observed on Earth, hence
the localized nature of the emissions. They are observed
at an altitude of around 130 km in patches of around 10
km. The main mechanism is the precipitation of elec-

1 Although, technically, magnetic field lines always close on
themselves or on a boundary, some magnetic field lines may
be regarded as open or draped if one end is connected to the
planet and the other end is smeared by energetic particles
that enter the planetary atmosphere.
2 Since there is no global magnetic field on Mars, our use of
the word loosely describes regions of influence of the mag-
netic field.

trons of energies from 40 to 200 eV in the night-side
atmosphere at an altitude of around 135 km. The peak
energy distribution of these electrons is similar to that
of electrons responsible for discrete auroras on Earth
[12]. Observations made by the Mars Global Surveyor
(MGS) orbiter led to the spectra of these electrons and
reported peak energies in the 100–2.5 keV range [12].
The flux was enhanced by a factor of 10–10,000 at the
peak compared to the night-side electron spectra.

Discrete auroras have also been studied extensively
with the MAVEN (Mars Atmosphere and Volatile and
EvolutioN [13]) orbiter with the IUVS (Imaging Ultra-
violet Spectrograph) instrument [14]. These auroras
are common and known to occur every evening. The
MAVEN observations reported events of high intensity
and occurrence rates in the southern hemisphere, pop-
ulated by strong crustal fields. These observations also
included events in regions with low or no crustal fields,
although the auroras were less bright—though they
had the same spectral properties and peak altitude. A
strong time dependence was noted, the main occurrence
taking place during evening hours when the Interplan-
etary Magnetic Field (IMF) is favorably aligned. Rela-
tively few observations have been made in the northern
hemisphere where the crustal fields are known to be
weak.

Empirical study [15] of auroral electron events, which
are generated by electrons in the 50–2 keV range and
a fluence of above 1.8E−5 W/m2/sr, found a linear
scaling between electron flux and brightness of aurora
events. The recent paper [16] studied the dependence of
the frequency of aurora occurrence on upstream solar
wind conditions—in particular, on the IMF strength
and cone angle, and solar wind dynamic pressure. The
authors found that there is a distinct difference between
the dependence of these quantities on the occurrence
rate within and outside the Strong Crustal Field Region
(SCFR) located in the southern hemisphere of Mars. A
high occurrence rate was reported in SCFR for negative
IMF clock angles, increasing the likelihood of magnetic
reconnection. This leads to a larger number of particles
entering the lower atmosphere and producing auroras.
It was also found that the IMF strength increases the
occurrence rate moderately, whereas the IMF orienta-
tion has no impact on the detection frequency outside
of the SCFR. The frequency strongly depends on the
solar wind dynamic pressure although it has very little
impact on its brightness outside the region. The occur-
rence rate moderately depends on the IMF clock and
cone angle, and the solar wind dynamic pressure within
the SCFR.

2.2 Diffuse auroras

Diffuse auroras [17] were first discovered by the IUVS
(Imaging Ultraviolet Spectrograph) instrument [18] on
board the MAVEN [13] spacecraft. Emissions were
observed at low altitudes, coincident with Solar Ener-
getic Particle (SEP) events, down to 60 km altitude,
indicating that the source consists of higher energy par-
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(a)

(b)

Fig. 1 Example of proton aurora observations from EMM/EMUS (panel a) and MAVEN/IUVS (panel b). Proton auroras
are seen as (dayside) enhancements in Ly-α (121.6 nm) from both EMM/EMUS and MAVEN/IUVS observations as well
as Ly-β (102.6 nm) observations from EMM/EMUS. The MAVEN/IUVS altitude profile (panel b right) shows a clear
enhancement peak at altitudes between 110 and 150 km. The EMM/EMUS data shown here are from OS2 and OS1
observation modes [20], and MAVEN/IUVS observations are from the periapsis limb scans. Proton auroras occur relatively
frequently on Mars and are widely seen in MAVEN/IUVS observations (see Fig. 2)

ticles than those producing discrete aurora at higher
altitudes. As opposed to discrete aurora, where particles
are accelerated by interactions with the magnetosphere,
diffuse aurora are produced by electrons accelerated at
the Sun, not locally. These solar-accelerated electrons
strike the open and draped field lines on Mars, interact
with the atmosphere, and produce the emissions.

The intensity of diffuse auroras is about 2 orders of
magnitude lower than typical dayglow. They are seen
at about 60 km altitude, as opposed to dayglow which
occurs at altitudes between 120 and 150 km. Further
analysis has shown that the energy of these particles is
2–3 orders of magnitude higher than those producing
discrete auroras, and so they penetrate much deeper
into the atmosphere. There is no correlation between
the geographic location of the planet and the observed
brightness. This is because the location of the open
and draped magnetic field around the planet changes
as it encounters variable solar wind conditions. Several
occurrences of auroras have been reported during SEP
events. The averaged vertical emission profile shows a
peak at 60–70 km altitude. Modeling suggests that they
are caused by electrons in the 10–200 keV range with a
power law index of − 2.2.

Polar rain aurora seen on the Earth are produced
by solar-accelerated electrons just as in case of Mars.
Venus and Jupiter’s moons Io and Europa also see sim-
ilar diffuse auroras distributed throughout. Venus does
not possess any magnetic field, either global or discrete,
and auroras are caused by SEPs and are visible in the
UV and visible wavelengths. In case of Europa and Io,
electrons accelerated by the Jovian magnetic field inter-

act with the thin atmosphere of the moons and produce
diffuse auroras distributed over the globe.

2.3 Proton auroras

In addition to electrons, high-energy solar wind pro-
tons also interact with the atmospheres of planets and
lead to auroral emissions. Earth’s proton aurora obser-
vations are known for almost a century with emissions
in H Balmer-α and -β lines. However, on Mars, they
have been first identified only recently in 2017 from
IUVS Lyman-α observations [8]. Proton auroras have
been identified subsequently also from SPICAM [19]
and very recently from EMM/EMUS [20,21] with novel
morphological features (see Sect. 3). The lack of a global
intrinsic magnetic field makes proton auroras on Mars
very different from those on Earth.

As a consequence of weak gravity and the absence
of a strong planetary magnetic field, H corona on
Mars extends well outside the induced magnetosphere
and is exposed to the solar wind. Solar wind pro-
tons can undergo charge exchange with the neutral H
in corona, outside the bow shock, and become Ener-
getic Neutral Atoms (ENAs). These ENAs can pene-
trate the bow shock and the induced magnetosphere
to reach thermospheric altitudes (100–200 km). Inside
the thermosphere, ENAs interact with the CO2 atmo-
sphere to convert back-and-forth between protons and
ENAs through electron-stripping and charge exchange,
respectively. These high-energy (∼ 1 keV) solar wind
penetrating protons have been observed with MAVEN
[22]. The penetrating protons, which get excited in this
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Fig. 2 Factors influencing Mars proton aurora activity. Occurrence rates of proton auroras observed by MAVEN/IUVS
and identified according to the criterion by Hughes et al. [23] are shown as a function of solar season on Mars. Proton
aurora occur relatively frequently with occurrence rates of almost unity close to Ls = 270. Flux of penetrating solar wind
protons, identified in MAVEN/SWIA observations, following the algorithm from Halekas et al. [24], is also shown. The peak
proton aurora occurrence rates coincide with an increased flux of penetrating protons, due to an inflated H corona around
southern summer solstice. Solar activity events observed by MAVEN, as well as the discrete and diffuse electron aurora
events observed by MAVEN and EMM, are also shown. Frequency of electron aurora observations is significantly increased
with the global coverage of EMM/EMUS compared to MAVEN

process, deexcite via the release of the proton aurora
emissions [8]. The characteristic signature of proton
auroras on Mars is the several kR intensity enhance-
ment in Ly-α, first clearly seen in IUVS limb scan alti-
tude profiles as shown in Panel (b) of Fig. 1. With
EMUS, these proton aurora are identified as promi-
nent intensity enhancement in Ly-α and Ly-β obser-
vations as shown in Panel (a) of Fig. 1. Unlike discrete
and diffuse electron auroras, which occur on the night-
side, proton auroras are mostly observed on the dayside
[23]. Proton aurora emissions are typically several times
more intense than the characteristic background H Ly-
α dayglow (as shown in Fig. 1).

Proton auroras are the most widely observed auro-
ras on Mars, found in 14% of periapsis limb scan
observations from IUVS [23]. Since the ENAs respon-
sible for proton auroras are formed in H corona, the
occurrence rates of proton aurora peak to near unity
around southern summer solstice Ls = 270◦, when the
H corona is inflated with increased coronal H column
densities. Figure 2 shows proton aurora (identified in
IUVS periapsis limb scans) occurrence rate variation
as a function season with a distinct peak at Ls = 270◦.
This peak corresponds to an increased flux of penetrat-
ing solar wind protons (as observed by MAVEN, also
shown in Fig. 2) following the inflated H corona and
proximity to perihelion [24]. Additionally, solar activ-
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ity (flares/CMEs) tends to increase the intensity of pro-
ton aurora emissions. While strong (crustal) magnetic
fields are expected to impede penetrating protons [25],
proton auroras possibly occur more frequently during
radial orientation of IMF [26]. Full implications of IMF
orientation and Mars crustal magnetic fields on proton
aurora occurrences and morphology remain to be stud-
ied (see Sect. 3.2).

3 Recent observations with the Hope probe

While Martian auroras have been studied since 2005,
observations were confined to localized patches on the
planet due to the limited geographical coverage of
orbiters such as MEX and MAVEN. On the other hand,
because of its high-altitude (19,970 km × 42,650 km)
orbit (∼55 hr period), EMM [27,28] provides a global
view of the planet with a high sensitivity in the visible
[29], infrared [30], and UV wavelengths [20]. This new
capability has enabled the observation of auroras on a
planetary scale and has led to the discovery of two new
types of auroras, which we describe below.

3.1 Sinuous auroras

EMUS [20] is a UV spectrometer on board EMM, sen-
sitive in the 100–170 nm wavelength range. The orbiter
has been operational around Mars since February 2021,
and EMUS observations used here are from the science
phase of the mission starting from May 2021. EMUS
has enabled the first observations of auroras in the
extreme UV (EUV: 10–120 nm) and far UV (FUV: 122–
200 nm), which can be observed in about three-fourths
of all nightside observations [31]. Discrete auroras can
be observed best in the 130.4 nm oxygen line, which
results from the decay of excited oxygen from 3s1 to
3p2. These excited oxygen atoms are produced both by
direct interaction with energetic electrons and by disso-
ciative excitation of CO2 and CO. They have appeared
in 31 EMM observations identified in Table 1.

Figure 3 shows 9 selected observations from the
EMUS instrument in the 130.4 nm oxygen band. They
display discrete auroral features captured during the
orbits 42, 43, 73, 83, 99, 105, 160, 167, and 168,
from April 2021 to February 2022. The auroras can be
observed with their lighter color on the night side of
the Mars disk. Additionally, 22 other observations with
discrete auroral events can be found in Figs. 5, 6, and
7 of Appendix.

Auroral features can also be observed in other wave-
lengths, such as 98.9 nm, 102.7 nm, 104 nm and 135.6
nm, but the signals are weaker and noisy. The auro-
ras of 130.4 nm line spreads in an elongated serpentine
structure over thousands of kilometers, covering much
of the disk. As can be seen in Fig. 4 their occurrence
rate is the highest in regions where the crustal field is
weak and/or vertical. The crustal field data used in the
figure were obtained from a recent study which com-
bines MAVEN and MGS datasets [32]. However, the

Table 1 Orbit and times of 31 auroral events observed by
EMM/EMUS in the 130.4 nm oxygen band

Orbit Time

42 22 Apr 2021 23:40
42 23 Apr 2021 03:31
43 24 Apr 2021 06:52
48 06 May 2021 19:24
48 07 May 2021 12:37
64 12 Jun 2021 02:45
68 18 Jun 2021 23:12
71 25 Jun 2021 22:51
73 30 Jun 2021 06:21
73 30 Jun 2021 12:19
77 09 Jul 2021 11:25
77 09 Jul 2021 15:21
82 21 Jul 2021 01:11
83 21 Jul 2021 18:43
99 28 Aug 2021 21:42
105 11 Sep 2021 06:13
131 08 Nov 2021 13:14
142 04 Dec 2021 17:27
145 10 Dec 2021 08:53
145 12 Dec 2021 05:13
150 22 Dec 2021 23:10
154 30 Dec 2021 16:06
154 30 Dec 2021 21:12
154 01 Jan 2022 17:32
160 14 Jan 2022 20:30
164 24 Jan 2022 12:18
165 26 Jan 2022 05:59
167 02 Feb 2022 14:54
168 02 Feb 2022 21:56
177 25 Feb 2022 01:03
177 25 Feb 2022 09:44

brightest ones are seen in regions with the strongest
crustal fields, as was the case with IUVS observations
as well. Strong vertical crustal field lines facilitate the
interaction of electrons with the atmosphere. Overall,
these observations can be grouped into three categories,
crustal field aurora, non-crustal field patchy discrete
aurora, and sinuous discrete aurora [31]. Although the
origin of the last category of auroras is unknown, it has
been speculated that they originate from the magneto-
tail current sheet, which could be electrons accelerating
to the nightside atmosphere.

3.2 Patchy proton auroras

As discussed earlier, the proton auroras on Mars are
typically produced by solar wind protons penetrating
the magnetosphere as ENAs and precipitating at the
thermosphere. The penetrating proton flux is primar-
ily determined by solar wind energy and density as
well as the column density of H corona. All of these
(on dayside) typically are relatively uniform over Mars,
and therefore, proton aurora emissions are generally
expected to be uniform on the dayside disk. Previously,
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Fig. 3 Selected observations of discrete auroras produced with data from EMM/EMUS in the 130.4 nm oxygen band. The
data of each swath were first extracted from the latest versions of L2B data level files with OS2 observation mode [20].
The log2 function was subsequently applied to the images. Sinuous discrete auroras can be seen in images d, g, h and i.
Additional observations are available in Appendix, Figs. 5, 6, and 7
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Fig. 4 Crustal magnetic field at 120 km altitude and discrete auroras observed by EMM/EMUS. The data were extracted
from 31 observations with visible discrete auroras (identified in Table 1), between April 2021 and February 2022. Each
auroral event is represented by a circle, the center of which is located at the centroid of the aurora and the radius of which
is proportional to the aurora size. In addition, the color of each circle indicates the aurora mean intensity. The Mars crustal
magnetic field is from Gao et al. [32]

considerable variability in the proton aurora brightness
(and altitude profiles) has been observed in IUVS detec-
tions, obtained across different limb scan observations
taken during the same periapsis pass [8,23]. However,
this variability is indistinguishable from the temporal
variability as MAVEN travels significantly in its orbit
while capturing different limb scan observations. The
proton auroras detected by EMUS (shown in panel a
Fig. 1) for the first time present a definite evidence
of localization of proton aurora emissions (hence called
patchy proton auroras) over the dayside [21]. Although
the patchy proton auroras are less frequently observed
with EMUS (about 2% of observations), compared to
IUVS observation rate of 14% [23], they reveal signifi-
cantly varied interactions of solar wind with the induced
magnetosphere on Mars.

The observed spatial patchiness in auroral emissions
may be caused by the disorganization of the magneto-
sphere when IMF is occasionally radial with the mag-
netic field, whose direction is parallel to the flow [21,33].
This leads to localized solar wind proton precipitation
causing patchy auroral emissions. During the EMUS
patchy proton aurora observation on 11 August 2021,
the MAVEN observation at approximately the same
time showed weaker and highly fluctuating magnetic
field in the sheath, suggesting a possible radial ori-
entation of the IMF upstream of the bow shock [21].
MAVEN observations also show solar wind energy pro-
tons (keV) near thermospheric altitudes as a direct
evidence for the precipitated protons, confirming the
patchy proton aurora. Apart from radial IMF orien-
tations, EMUS patchy auroras have also been observed
as a result of localized plasma turbulence from a locally
perpendicular IMF orientation with respect to the bow
shock [21]. The proton precipitation and aurora are
therefore limited to only certain locations on the day-

side where these conditions are met (e.g., 30 August
2021 observation in Fig. 1). The patchy auroras, formed
during radial IMF conditions, have also shown a corre-
lation with the crustal magnetic fields, with the auroral
emissions observed mainly in regions of weaker crustal
fields, suggesting that the solar wind plasma precipi-
tates easily at the weak crustal field regions in contrast
to strong crustal field regions that can block the pro-
ton precipitation [25]. Combined EMUS and MAVEN
observations in near future will shed further light on
the phenomena of the patchy proton auroras, the role
of IMF and crustal magnetic field orientations in local-
ized solar wind proton precipitation, and on their con-
sequences for the variability in solar wind and Mars
magnetosphere interactions.

4 Discussion

Auroras are a result of the interplay between solar
wind, planetary magnetosphere and atmosphere, and
are observed on most planets of the Solar system.
Jupiter has a very strong magnetic field, and auroral
emissions are a permanent feature of the planet at the
magnetic poles. Venus, on the other hand, does not
have a magnetic field; yet, diffuse auroras occur on
the planet during major space weather events. Mars
falls between the two categories of magnetized (Earth,
Jupiter) and unmagnetized (Venus) planets. Since their
discovery in 2005, our understanding of Martian auro-
ras has increased considerably, especially with new
observations by EMM but have also given rise to a num-
ber of questions about the complex interaction between
solar wind plasma with the Martian magnetosphere and
atmosphere.
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While regular EUV photons are responsible for the
background airglow emission seen on Mars, discrete
auroras are caused by electron interactions, carrying
up to 1 keV energy. Diffuse auroras, on the other hand,
are driven by electrons of much higher energy, between
10 and 200 keV. Discrete auroras are caused by parti-
cle acceleration locally, whereas diffuse auroras due to
energetic particles are accelerated by the Sun. Magnetic
field configuration also plays an important part in auro-
ral emissions. When the magnetic field lines are closed,
both the ends are connected to the planet, the solar
wind particles undergo acceleration along these field
lines and cause discrete auroras. When the magnetic
field lines are open or draped, the energetic particles can
access the planetary atmosphere through them, causing
diffuse auroras. Further studies of the newly discovered
patchy proton aurora phenomena with EMM, caused by
localized precipitations of solar wind protons inside the
magnetosphere, promise to uncover new physical pro-
cesses in the solar–wind interaction with the Martian
atmosphere.

While MAVEN is equipped with instruments that
carry out in situ measurements of charged particles
interacting with Mars, and measure the resulting emis-
sions, its geographic and temporal coverage is quite
limited. EMM provides a synoptic view of the planet
with high sensitivity in the UV, but lacks the capa-
bility of in situ measurements. A combined analysis of
data from these two missions will allow a more com-
prehensive study of auroras. Initial results from EMM,
which we have reported here, have revealed new sub-
categories of auroras. More work needs to be done in
order to identify the underlying physics. As we have
described earlier, the original discovery of auroras was
made by MEX, which has been observing Mars from
the orbit since December 2003 till date. Its capabilities
to study these new auroras, especially alongside EMM
and MAVEN, need to be explored further.

The auroral emissions comprise only a small fraction
of the overall energy of the incident particles. These
complex electromagnetic interactions also lead to pho-
tochemical changes in the atmosphere and deposit heat,
contributing to atmospheric escape. This aspect also
needs to be investigated further in order to understand
how Mars lost most of its atmosphere, leading to drastic
climate change. More research on auroras will enable
us to better understand these processes occurring at
present and extrapolate them back in time to better
comprehend the evolution of the planet.
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Fig. 5 Observations of auroras by the EMUS instrument in the 130.4 nm oxygen band (part 1)
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Fig. 6 Observations of auroras by the EMUS instrument in the 130.4 nm oxygen band (part 2)
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Fig. 7 Observations of auroras by the EMUS instrument in the 130.4 nm oxygen band (part 3)

References

1. R.E. Johnson, Energetic Charged-particle Interactions
with Atmospheres and Surfaces, vol. 19 (Springer,
Berlin, 2013)

2. A.L. Melott, B.C. Thomas, C.M. Laird, B. Neuenswan-
der, D. Atri, Atmospheric ionization by high-fluence,
hard-spectrum solar proton events and their probable
appearance in the ice core archive. J. Geophys. Res.
Atmos. 121(6), 3017–3033 (2016)

3. P. Newell, T. Sotirelis, S. Wing, Diffuse, monoenergetic,
and broadband aurora: the global precipitation budget.
J. Geophys. Res. Space Phys. 114(A9), 5555 (2009)

4. J. Phillips, A. Stewart, J. Luhmann, The venus ultra-
violet aurora: observations at 130.4 nm. Geophys. Res.
Lett. 13(10), 1047–1050 (1986)

5. J.T. Clarke, G.E. Ballester, J. Trauger, R. Evans,
J.E. Connerney, K. Stapelfeldt, D. Crisp, P.D. Feld-
man, C.J. Burrows, S. Casertano, Far-ultraviolet imag-
ing of jupiter’s aurora and the io “footprint”. Science
274(5286), 404–409 (1996)

123



235 Page 12 of 13 Eur. Phys. J. D (2022) 76 :235

6. B. Jakosky, D. Brain, M. Chaffin, S. Curry, J. Deighan,
J. Grebowsky, J. Halekas, F. Leblanc, R. Lillis, J. Luh-
mann, Loss of the martian atmosphere to space: present-
day loss rates determined from maven observations
and integrated loss through time. Icarus 315, 146–157
(2018)

7. B. Langlais, Y. Quesnel, New perspectives on mars’
crustal magnetic field. C.R. Geosci. 340(12), 791–800
(2008)

8. J. Deighan, S. Jain, M. Chaffin, X. Fang, J.S. Halekas,
J.T. Clarke, N. Schneider, A. Stewart, J.-Y. Chaufray,
J. Evans, Discovery of a proton aurora at mars. Nat.
Astron. 2(10), 802–807 (2018)

9. J.-L. Bertaux, F. Leblanc, O. Witasse, E. Quemerais, J.
Lilensten, S. Stern, B. Sandel, O. Korablev, Discovery of
an aurora on mars. Nature 435(7043), 790–794 (2005)

10. J.-L. Bertaux, O. Korablev, S. Perrier, E. Quemerais,
F. Montmessin, F. Leblanc, S. Lebonnois, P. Ran-
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