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Discovery of a proton aurora at Mars
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Proton aurorae are a distinct class of auroral phenomena caused by energetic protons precipitating into a planetary atmo-
sphere. The defining observational signature is atomic hydrogen emissions from the precipitating particles after they obtain an
electron from the neutral atmospheric gas, a process known as charge exchange. Until now, proton aurorae have been observed
at Earth only. Here, we present evidence of auroral activity driven by precipitating protons at Mars, using observations by the
MAVEN spacecraft. We observed transient brightening of upper atmospheric hydrogen Lyman-a emission across the Martian
dayside correlated with solar wind activity. The driving mechanism is one not found at Earth and originates from energetic
neutral atom production by solar wind protons directly interacting with the extended hydrogen corona surrounding Mars. We
characterize this new type of Martian aurora and compare the observed emissions with preliminary modelling guided by simul-
taneous in situ particle measurements. These observations provide insights into how the solar wind can directly deposit energy
into the Martian atmosphere as well as all other planetary objects that are surrounded by a substantial neutral corona exposed

to the solar wind.

of Balmer Ha and Hf visible spectral lines associated with

other more typical auroral emissions from the atmosphere'.
These photons are emitted by excited hydrogen atoms produced
from charge exchange reactions, and the precipitating particles
may repeatedly transition from protons to energetic neutral atoms
(ENAs) and back again. These differ from more typical auroral
emissions because they originate from the precipitating energetic
particles themselves rather than excited atmospheric atoms and
molecules’. As a result, the hydrogen emission lines are Doppler
shifted, providing an additional observational signature regularly
used to identify and study proton aurorae at Earth’.

The characteristics of proton aurorae at Earth are dominated
by the strong intrinsic magnetic field, which deflects the solar
wind and controls where plasma can interact with the upper
atmosphere’. The situation is different for planets without such a
strong global magnetic field. Kallio and Barabash® hypothesized
an extraterrestrial mechanism for proton aurorae at Mars, which
both lacks a global magnetic field and is surrounded by an exten-
sive corona of neutral hydrogen (see Fig. 1). In this process, solar
wind protons upstream of the bow shock charge exchange with
the coronal neutral hydrogen to produce ENAs retaining the solar
wind direction and kinetic energy (~1keV). The ENAs continue
freely through the bow shock to deposit their energy in the lower
thermosphere at altitudes of 110-130km, producing ionization,
dissociation, heating, excitation and auroral emissions. With only
slight aberrations from the apparent direction of the Sun, these
ENAs shower down on the dayside of the planet similarly to solar
photons, resulting in reduced energy flux at higher solar zenith
angles (SZAs) and with no direct access to the nightside of the
planet. Partially thermalized plasma from the magnetosheath may
also produce a more diffuse population of precipitating ENAs with
limited access to the night hemisphere.

Proton aurorae were first recognized at Earth by the presence

Specific types of aurora at Earth bear some resemblance
to this extraterrestrial phenomenon. The IMAGE (Imager for
Magnetopause-to-Aurora  Global Exploration) mission has
observed proton aurorae in the cusp region caused by direct access
of magnetosheath plasma®, but this depends on a specific magnetic
configuration and does not involve conversion of protons to ENAs
to bypass the magnetic field as a key step. Conversion of energetic
ions to ENAs does occur in the ring current at Earth and is thought
to drive low and mid-latitude dayside aurorae observed by the STP
78-1 satellite’, but the ions in this case are not directly derived from
the solar wind. Thus, Martian proton aurorae offer valuable insights
into direct interactions of the solar wind with a planets upper
atmosphere in a way that does not occur at Earth. In principle, this
mechanism can occur at any planetary body that is surrounded by
a neutral hydrogen corona and that lacks a strong global magnetic
field. Mars provides a natural and convenient laboratory for under-
standing this class of star-planet interactions.

Observations

In this study, we used the data from two instruments on board
the MAVEN (Mars Atmosphere and Volatile EvolutioN) mission,
which is dedicated to understanding the variability of the upper
atmosphere of Mars and its interactions with solar radiation and
solar wind inputs®. The MAVEN orbit has a period of 4.5h and
an elliptical shape, which allows it to sample within the thermo-
sphere and ionosphere at periapsis (150km) and exterior to the
bow shock at apoapsis (6,200 km). We examined periapse data from
the time period of 2015 March 01 to 2015 April 04 (MAVEN orbits
812-986), during the declining phase of solar cycle 24.

The Imaging Ultraviolet Spectrograph (IUVS) instrument
measures numerous airglow emissions using separate far-UV
(110-190nm) and mid-UV (180-340nm) channels’. Near periap-
sis, it acquires up to 12 limb scans of the thermosphere at different
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Fig. 1| Mechanism for Martian proton aurorae originating from solar wind charge exchange. Upstream solar wind protons (H*) 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 Doppler-shifted Lya photons.

locations around the planet by looking across-track of the spacecraft
motion. There are occasional gaps in the data due to sharing point-
ing priority with other instruments and communication passes. In
this study, we examined the IUVS dayside limb scans to look for
anomalous thermospheric features in the vertical brightness profile
of hydrogen Lyman o (Lya) at 121.6nm. Under typical conditions,
Lya is dominated by optically thick resonant fluorescent scattering
in the Martian dayglow'*~'%

However, the mere detection of a Lya anomaly in an IUVS air-
glow limb scan does not necessarily indicate the specific process for
its origin. To confirm an interpretation of proton aurorae, a simul-
taneous indication of the energetic particle environment must be
included. We therefore examined data from the Solar Wind Ion
Analyzer (SWIA) on board MAVEN, which is designed to measure
ions with energies of 5eV to 25keV both in the upstream solar wind
and within the Martian magnetosphere'. It was previously reported
that the SWIA detected a time-variable population of nearly
monoenergetic protons with velocity essentially unchanged from
that of the solar wind in the dayside thermosphere appearing below
250km during the selected time frame'’. These protons were identi-
fied as being the product of charge exchange by penetrating ENAs®,
and it was speculated that there might be associated UV proton
aurorae. During this time frame, the Martian southern hemisphere
was in summer (solar longitude ~300°), and the global hydrogen
corona was seasonally inflated, enhancing charge exchange with the
solar wind".

Note that the volume of atmospheric emission observed by the
IUVS is not directly co-located with the in situ measurement made
by the SWIA. For example, the tangent point of an IUVS limb scan
taken at an altitude of 400km will be separated from the space-
craft location by 1,400km, or approximately 24° geographically.

However, the Martian proton aurorae produced by upstream solar-
wind-sourced ENAs should elicit a global response in the dayside
thermosphere and register in the data of both instruments.

Results
Two sets of airglow data from adjacent orbits in Fig. 2 demonstrate
the observed atomic hydrogen emission signature of a Martian
proton aurora. Several prominent UV dayglow features associated
with carbon dioxide (CO,) ionization and dissociation products are
included for context'*'. The data for orbit 985 are typical of the
Martian UV dayglow: all features exhibit a strong peak at 130km,
except for Lya, which presents a relatively flat profile due to multiple
scattering and the large scale height of atomic hydrogen. In contrast,
data acquired 4.5h later on orbit 986 show that the Lya profile has
developed a strongly peaked brightening. The enhancement is dif-
fuse, being evident in all limb scans and along the entire 10.6° length
of the IUVS slit. There is also a pronounced SZA dependence, with
the brightest peaks having SZAs of less than 40°, and the signal
diminishing into the background as the terminator is approached.
In the first few scans, the enhancement exceeds 4,000 rayleigh units
(R) of photon flux, a 40% increase over the background fluorescent
source, which is a highly significant change given that Lya has a sig-
nal-to-noise ratio of more than 100 at this altitude. The brightnesses
of the emission features from CO, products are not significantly
changed between the two orbits. Examination of the SWIA data
indicates a threefold increase in the flux of penetrating protons in
the thermosphere from orbit 985 to orbit 986, from 2.6 X 10°cm™2s~!
to 7.8x10°cm™2s7".

The regular coverage of IUVS and SWIA data enables us to con-
struct an orbit-by-orbit timeline of thermospheric Lya brightening
and penetrating proton flux (Fig. 3). This shows that events with
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Fig. 2 | Limb observations showing the signature of a proton aurora in atomic hydrogen emission. a, IlUVS-observed brightness profiles for Lya 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 light indicating chronological order of acquisition. Additional geometry is in Supplementary Fig. 1. b, The same Ly« brightnesses in a synthetic
image format, showing the illumination of 12 limb scans ordered from left to right. Each scan has 21 integrations (vertical) with 7 spatial samples along the
length of the 10.6° IUVS airglow slit (horizontal). For both orbits, CO, absorption of Lya becomes important for tangent altitudes of less than 120 km.

strongly brightened Lya peaks are not very common, occurring on  Lya peak and an enhancement in the penetrating proton flux. These
just a few of the orbits. During the orbits where both instruments events persist for at most a few orbits, indicating time variability of
acquired data, there is a clear correlation between the presence of a  the order of hours or less. The proton flux is derived from SWIA
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Fig. 3 | Timeline of SWIA penetrating protons and IUVS Lya enhancements in March-April 2015. SWIA fluxes are single-valued per orbit, based on the
dayside portion of periapse data. SWIA data points have a larger, black symbol when a joint IUVS observation set is available. IUVS data contain values for
each of the 12 limb scans per orbit, representing the mean brightness from 110 km to 160 km where peaks occur. Each sample is coloured according to the
SZA of the tangent point at the peak. An estimate of the background fluorescent Lya source has been subtracted using the mode of the brightness above

160 km. The event shown in Fig. 2 is the rightmost sample in the timeline.

data taken on the dayside portion of the orbit where the penetrat-
ing population is observed, while IUVS limb scans at all SZAs are
included. The trend of greater brightening at lower SZAs is a consis-
tent feature among all the events, and there are no observations dur-
ing this time showing strong brightening at SZAs of more than 90°.
Note that the range of SZAs sampled on each orbit varies through
this time period due to precession of the MAVEN orbit.

Preliminary modelling was performed to assess whether the
characteristics of the observed Lya emission enhancements support
the interpretation of a proton aurora. We adapted a Monte Carlo ion
transport model that has been applied for Earth proton aurora stud-
ies'?, carefully accounting for the finite gyroradius effects within
the weak Martian magnetic field environment. Sensitivity analysis
indicated that although local magnetic field configuration could
perturb the flux of precipitating protons, it does not substantially
impact the altitude of peak energy deposition or the interpreta-
tion of the data presented here. Energy-dependent hydrogen and
proton cross-sections and collisional scattering properties appro-
priate for the Martian thermosphere were adopted™'. The SWIA
measurements were used to guide precipitation of monoenergetic
hydrogen ENAs at the top of an a priori model thermosphere, with
data reduction as described in a previous study'’. The model CO,
altitude profile was confirmed to be consistent with the CO, density
profiles retrieved over 130-193km from IUVS airglow measure-
ments made during this time period®, as shown in Supplementary
Fig. 3. Further details are provided in Methods.

The most extreme events in this time period were found on
MAVEN orbits 850 (2015 March 08), 975 (2015 April 01) and 986
(2015 April 03). These three orbits each have at least one limb scan
sampled at SZAs of 62°-66°, making a consistent comparison of
characteristics possible. Model results for these orbits qualitatively
support the interpretation of the peaked Lya enhancements discov-
ered by the IUVS as being a proton aurora produced by ENAs asso-
ciated with the penetrating protons observed by the SWIA (Fig. 4).
The observed vertical shape of the profile is well reproduced by
the model for all cases. The relative peak brightnesses are reason-
ably well predicted, although orbit 975 is overestimated. A notable

discrepancy is that the altitudes of the model-predicted peaks are
systematically lower than those observed, by approximately 7km.
This may be due to uncertainties in the cross-sections for the CO,
interactions, some of which are estimated from other species. Using
the model prediction of secondary electrons for orbit 986, we esti-
mate that the maximum auroral emission from CO, ionization and
dissociation is less than 1% compared with the normal dayglow.
This is consistent with the lack of discernible response observed by
the IUVS in UV airglow features other than Lya.

Discussion and implications

All previously reported observations of auroral activity at Mars
have been on the nightside and identified as being due to electron
precipitation. Because the orbit of Mars is external to that of Earth,
its nightside cannot be well observed from Earth, and all auroral
detections have been made by spacecraft at Mars. The Mars Express
SPICAM (SPectroscopy for Investigation of Characteristics of the
Atmosphere of Mars) instrument made the first detection of discrete
electron aurorae by observing UV emissions geographically associ-
ated with strong crustal magnetic fields*’. More recently, global dif-
fuse electron aurorae associated with solar energetic particle events
were discovered by the MAVEN IUVS*. The UV spectrum of an
electron aurora is similar to that of the dayglow produced by solar
extreme UV radiation, because both originate primarily from CO,
ionization and dissociation products. These previous identifications
of aurorae depended on the observations being on the nightside,
where UV dayglow did not complicate analyses.

We find that the Martian proton aurorae observed by the IUVS
are located primarily on the dayside of the planet, with peak emis-
sion at altitudes comparable to that of the UV dayglow peak. This
dayglow obscures the auroral emissions from CO, products, so we
must rely on the atomic hydrogen emission for definitive identifica-
tion and characterization of proton aurorae. Due to the large vertical
scale height of atomic hydrogen (more than 500km), and Lya pho-
tons from thermal hydrogen being multiply scattered in the Martian
thermosphere, observed vertical brightness profiles of this emission
are typically flat and featureless. The auroral emission vertical scale
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Fig. 4 | Observed and modelled Lya brightness profiles. 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 energy (E,) and flux (F,,) of penetrating protons are recorded at the top of each plot. Details of the

modelling are discussed in the text.

height is more similar to the density profile of collision partners,
which in this case is approximately 12km for the CO,-dominated
lower thermosphere. Doppler-shifted hydrogen emissions from
proton aurorae avoid absorption by the ambient neutral hydrogen
and appear vertically peaked and optically thin, resulting in sub-
stantial limb brightening. However, even the most extreme events
discussed here would manifest as an increase of less than 5% in the
brightness of Lya for a nadir-viewing observation of the planet.

Although the preliminary modelling presented here supports
the interpretation of a proton aurora, more detailed work is war-
ranted. The treatment of the precipitating particles as a monoen-
ergetic beam and the use of a penetrating proton flux derived from
SWIA data averaged over the periapsis pass are oversimplifications.
Previous detailed modelling of the Martian magnetosphere has
shown that during enhanced solar wind conditions, there should be
a substantial flux of precipitating ENAs produced from thermalized
plasma in the magnetosheath®*, and this has been confirmed in
observations made by Mars Express and MAVEN'>”. In addition,
there is evidence in the IUVS data for variability of the Lya peak
brightness that is uncorrelated with the SZA, as seen in Fig. 2 for
the first seven limb scans with SZAs of less than 40°. This may be
due to time variability of the precipitating particle population over
the course of the 12 min it took the IUVS to acquire the limb scans.
This short-term variability could explain why we do not exactly
reproduce the relative peak brightnesses of the scans when scal-
ing using the time-averaged SWIA data. To go beyond the relative
comparison of a few events performed in this study would require
a three-dimensional global model to properly synthesize the SWIA
and IUVS data, due to the inherent separation between the in situ
and remote-sensing observations.

The processes that produce the Martian proton aurora reported
here should occur at any planetary body with a substantial neutral
corona that extends beyond its bow shock and that can directly
interact with the solar wind. These conditions are known to occur
at Venus® and comets®” and should also be present at the moon
Titan when it is outside Saturn’s magnetosphere®. We can specu-
late that such proton aurorae may also exist at exoplanets such as
HD 209458 b, which orbits very close to its parent star and has been
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found to be surrounded by a highly extended neutral hydrogen
envelope’. This mechanism for generating proton aurorae is dis-
tinct from any of the processes found at Earth, and the data being
collected by MAVEN provide an opportunity to observationally
study a truly extraterrestrial type of aurora.

Methods

Aurora modelling. For candidate proton aurora events, the precipitating ENA
population was assumed to be monoenergetic, with the same energy as the
undispersed core of the SWIA-measured penetrating proton population on the
same orbit. The ENA flux input to the model was specified to reproduce the
measured penetrating proton flux in the altitude range of 150-250 km. Vertical
profiles of these model fluxes are shown in Supplementary Fig. 3. The resulting
volume emission rates for Lya, as shown in Supplementary Fig. 4, were then
integrated along the IUVS line of sight to produce a brightness profile. For the
events examined, we calculate from the observed penetrating proton velocity and
line-of-sight phase angles that the auroral Lya photons would be redshifted by
130-630km s~'. This amounts to a wavelength shift of 0.005-0.026 nm, which is
well below the 0.7 nm spectral resolution of the IUVS for this data set. This Doppler
shift is large enough that we may neglect scattering by ambient thermal hydrogen.
However, absorption by CO, was found to be non-negligible near and below the
altitude of the peak. For comparison with the data, we applied a scale factor to the
auroral model brightness profiles, which was chosen to match the peak intensity of
the event examined on orbit 850.

Fluorescent Lya background. To compare the auroral model output with the
TUVS Lya observations requires an estimate of the fluorescent thermal hydrogen
background, which is approximately 7-8kR at the altitude of the auroral emission.
This source is difficult to model due to it being optically thick, but when a bright
peak is absent, the brightness profile is typically repeatable (within ~5%) for each
of the 12 limb scans when adjacent orbits are compared, that is, the first limb scan
of one orbit is very similar to the first scan of the next orbit. We took advantage

of this and estimated the fluorescent source during the peak brightening events

by using profiles acquired on nearby orbits with low penetrating proton flux and
no apparent peak brightening. First, a fifth-order polynomial fit was made to

the vertical brightness profile from an orbit without aurorae. This was then used
to estimate the background on an orbit with aurorae by scaling the polynomial
function such that the mode of the brightness matched at altitudes > 170 km. At
these altitudes, the fluorescent source greatly dominates over any auroral emission.
The scale factor was within 6% of unity for the three events reported here.

Data availability. The MAVEN IUVS data used in this study are publicly archived
with the Planetary Atmospheres node of the Planetary Data System and are
identified by filenames with the orbit number, the label ‘periapse’ and ‘v07” as
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the version. The MAVEN SWIA data are publicly archived with the Planetary
Plasma Interactions node of the Planetary Data System. The data that support
the plots within this paper and other findings of this study are available from the
corresponding author upon reasonable request.
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