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Neptune’s aurora are some of the least well understood within the entire solar system. The bright
and complex aurora of Jupiter and Saturn have helped to reveal the vast current systems powered
by the interchange of momentum between the immense underlying atmosphere and the enormous
regions of magnetospheric plasma surrounding the planet. These drive a complex array of
currents and chemistry into a very narrow and highly dynamic layer of the atmosphere, resulting
in a wide variety of different emissions. Our observations of Ice Giant planets are far more
limited, but current measurements suggest that auroral interactions are complicated by the highly
complex magnetic fields that these worlds produce. Neptune may be unique in combining these,
resulting in an aurora that is driven from the atmosphere, driving emissions through multiple
auroral regions across the planet’s disk, into a magnetosphere dominated by material from the
moon Triton. Measurements of Neptune’s aurora will greatly improve our understanding of the
aurorae themselves, along with their atmospheric and magnetospheric context, and in turn
provide a new understanding of all Ice Giant aurorae, both within the solar system and around
other stars. This is particularly applicable to the large number of Neptune or mini-Neptune size
exoplanets that are being discovered.

Past observations of Neptune’s aurora

Our understanding of Neptune’s aurora is limited almost entirely to radio, UV and in-situ
observations made by Voyager 2.

Neptune produced a complex array of radio emissions, including the most intense, impulsive and
narrow-banded emissions ever observed at a radio planet (Zarka et al., 1995), shown in Figure 1.
These auroral emissions were positioned broadly over the magnetic poles, alongside smooth
radio emissions that are unique to Uranus and Neptune. In addition, high-frequency smooth
kilometric radio emissions were detected at Neptune’s magnetic equator, and may have resulted
from the complex magnetic structures in that region (Rabl et al., 1992).

Voyager 2 also detected extended ultraviolet H, band emissions within Neptune’s nightside. This
night time airglow was observed across the disk, and was proposed to be powered by
photoelectrons flowing along magnetically conjugate field lines that closed in the dayside. A
brighter 10 Rayleigh emission was positioned around the southern magnetic pole, and was
tentatively identified as a faint southern aurora (Broadfoot et al., 1989). However, since Voyager
2, despite several observations using the Hubble Space Telescope, Neptune’s UV auroral
emission remains undetected from Earth.

Voyager 2 did not include any near-infrared instrument and, despite decades of observations
from Earth-based telescopes, the molecular ion H;" has never been observed at Neptune. This
contrasts strongly against the wealth of detailed H;" measurements from the aurora and
ionospheres of Jupiter, Saturn and Uranus. The most recent Neptune observations continued to
show zero H;" emission (Melin et al., 2018), while resolving the continuum of reflected sunlight
(despite the strong absorption from the methane rich lower atmosphere). This lack of emission
means that Hs" is less than 10 times as bright than predicted by atmospheric modelling, with this
short fall in brightness explained though either a significantly cooler thermospheric temperature
since Voyager, or due to chemical alteration from infalling neutral or plasma from the
surrounding space environment (Moore et al., 2020).
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Figure 1: The predicted location of aurora at Neptune. On the left are planetary footprints of
observed Neptune Kilometric Radiation with iso-contours of magnetic field amplitude (in Gauss)
using the O8 magnetic field models taken from Zarka et al., 1993. On the right is the dip-angle
from the O8 model, with the auroral region (70-75° latitude, red), which are the likely locus for
UV, visible and H;" emissions and the region mapping to the rings (50-55° latitude, blue), which
is the likely location of HCO" generation and H;" destruction. Similar production and destruction
might also occur at Neptune’s rotational equator, as is seen at Saturn.

The planetary context for Neptune’s aurora

Although Uranus and Neptune both have highly non-dipolar magnetic fields, it is likely that the
auroral coupling between the atmospheres and magnetospheres of these two worlds will have
very different interactions.

The atmosphere of Uranus is highly extended, with limited vertical mixing due to the very low
thermal output from the planet. As a result, it may be more difficult for the underlying
atmosphere to drive momentum into the upper atmosphere, weakening the driving force of the
thermosphere on the surrounding ions. Another unique feature of Uranus is the extreme tilt of the
planet on its spin axis. In this orientation, the magnetic poles of Uranus will at times be
“typical”, closer to orthogonal to the solar wind with at other planets in the Solar System. In
other seasons the magnetic poles will point toward and away from the Sun as the planet spins,
with a daily cycle of flux tubes that are open then closed to the solar wind. Uranus may have
“auroral seasons” when the magnetosphere is filled or empty and the auroral activity is much
stronger or weaker.

A unique feature of Neptune is its significant source of plasma: Neptune's magnetosphere was
observed to be full of heavy ions (Belcher et al., 1989; Mauk et al., 1995). These are possibly
nitrogen coming from Triton - suggesting there might be a Triton neutral torus of average density
comparable to or greater than Titan at Saturn (Cheng, 1990), but importantly, produced much
closer to the planet, making the torus more akin to that of Io at Jupiter and Enceladus at Saturn.

The aurora at Uranus may be more Earth-like, dominated by solar wind interactions imposed
from above; this could explain the strongly enhanced emissions observed on the nightside of
Uranus, both in radio and UV. In contrast with this, radio emission at Neptune does not have this
nightside bias, and Voyager did not observe the expected enhancement of alpha particles relative
to protons, as one would expect for a solar wind driven system. As such, it seems likely that



Neptune’s auroral emission may be driven by the balance of momentum between ions
accelerated by the neutral atmosphere and magnetospheric plasma, as occurs at both Jupiter and
Saturn. Gas Giant aurora are dominated by this atmosphere-magnetosphere coupling, which sets
up significant currents at the magnetic mapping of moons and at the break down in co-rotation,
suggesting Neptune may have extended arcs of auroral emission, and may also include an auroral
footprint at the magnetically mapped location of Triton.

This transfer of momentum between the underlying atmosphere and the surrounding space
environment may result in a rich array of potential interactions that have recently been observed
at Jupiter and Saturn. Within the auroral region, strong localized flows within the neutral
atmosphere are likely to drive auroral enhancements in Saturn’s aurora, which are the ultimate
cause of Saturn’s variable rotation rate (Smith, 2011). Within the equatorial regions, Jupiter has
strong evidence of localized coupling between the Great Red Spot and the ionosphere, caused by
acoustic waves transferring heating into the thermosphere (O’Donoghue et al., 2011), and has an
ionospheric darkening at the magnetic equator, most probably driven by the relative flow of ions
and neutrals, similar to the equatorial fountain observed at Earth (Stallard et al., 2018). At
Saturn, there is a large current system near the equator that may be caused by the strong
equatorial winds in the lower atmosphere which in turn drive currents in the ionosphere
(Khurana et al., 2018). All these Gas Giant processes are likely to occur at Neptune, but the
induced currents caused by the offset between the magnetic and rotational poles are likely to
result in vastly more complex interactions.

At Saturn, there is also significant interactions between the ionosphere of the planet and its rings,
with both ions and neutral particles from Saturn’s rings falling into the atmosphere and greatly
affecting the ionospheric composition. A similar process of infalling material may also occur at
Neptune, and has been evoked as one possible reason why H;" has not yet been detected, with
infalling CO from the rings potentially reducing the H;" density by an order of magnitude
(Moore et al.,, 2020). However, as at Saturn, this results in a compositional change in the
ionosphere, with HCO" becoming a dominant ion. Infrared observations of emissions from HCO"
may reveal the location of regions where H;" has been destroyed — and if this includes infalling
ions, could light up the magnetic mapping of the rings on the planet. The predicted locations of
H3+ and HCO+ are highlighted in Figure 1.

Observing both auroral and ionospheric emissions at Neptune will thus provide a wealth of
information about the extent of coupling between the magnetosphere and atmosphere of the
planet. But the location of these emissions can also provide unique insights into the magnetic
field structure at the surface of the planet, and thus inform our understanding of the planet’s
interior. At Jupiter, our understanding of the magnetic field is now informed by Juno’s high
resolution polar orbit around the planet (Connerney et al., 2018), but auroral emissions have
previously been used to refine the magnetic model (Connerney et al., 1998) and to reveal the
existence of a localized enhancement near the surface (Grodent et al., 2008) and more recently,
the ionospheric equatorial darkening was shown to map out the magnetic equator exactly
(Stallard et al., 2018).

Indeed, with only a single flyby of the planet and without a surface constraint for the magnetic
field model of Neptune, the surface magnetic field is very poorly constrained, since, as



Connerney (1993) states the “model neglects all contributions of degree 4 and above. Even some
of the lower-degree model coefficients are likely to be inaccurate. In reality the surface field is
likely to be very different from that portrayed in these figures, particularly in the weak field
regions.” Despite this inherent inaccuracy, the magnetic configuration that Connerney (1993)
modelled is incredibly enticing. The highly unique surface field structure includes the only
planetary magnetic field within the solar system with four magnetic poles, as well as two
magnetic equators (comparable with the two magnetic equators of Jupiter). These could result in
four separate auroral regions, two northern and two southern, producing an auroral interaction
unlike any seen in the solar system, shown in Figure 1. Exploring and understanding these
unique and complex aurorae must be seen as a high-priority target for future observations.

Understanding the aurora of Neptune is also important in the broader context of future
observations from the aurora of exoplanets. With the majority of planets currently detected
classified as sub-Neptune sized worlds, understanding the magnetic field interactions at Neptune
is essential to providing context for auroral observations from these worlds. In addition to
potential radio aurora, recent modelling of the expected emission features within observational
spectra from sub-Neptune worlds has shown that both ARIEL and JWST should be able to detect
ionospheric Hs", along with H;O" (Bourgalais et al., 2020). These models also reveal ionospheres
dominated by HCO'. These predictions highlight the great importance in better understanding
the aurora at Neptune, in order to provide an ‘archetype’ for Ice Giant aurora around other stars.

Future observations of Neptune’s aurora and ionosphere

Ongoing attempts to observe Neptune’s aurora from Earth have failed, both in the infrared and
ultraviolet. Future Earth-based telescopes are likely to continue to struggle to observe the aurora.
The James Webb Space Telescope will provide a sensitivity of 100x that of Keck, which may
allow the detection of H;" on the dayside of the planet, but the spatial resolution of JWST
instruments are limited to <30 pixels across the disk, which will make it difficult to resolve any
auroral morphology against the reflected sunlight from the complex underlying atmosphere.
Future 30m+ telescopes may better resolve auroral features through a combination of high spatial
and spectral resolution, but ultraviolet, visible and infrared auroral observations are all much
more viable from the night side of Neptune. Radio emissions from Neptune are completely
obscured by the Earth’s ionosphere, requiring measurements from space, and for Voyager 2,
radio observations could only be made five days before closest approach (Lamy, 2020).

It is thus essential to observe Neptune’s aurora in close proximity, if we are to fully understand
the rich auroral interactions at Neptune and to place observations of extra-solar planets in
appropriate context. Here, we strongly advocate for a space mission to the Neptune system,
including instrumentation that can measure both the magnetic environment around the planet,
and well as auroral emissions from the planet itself. A range of potential instrumentation could
provide the auroral observations needed, but the highest priorities are to separately measure the
radio aurora alongside spatially resolved aurorae, using ultraviolet, visible or infrared emissions
or, preferably a combination of all these. A flyby mission (e.g. the proposed Trident Discovery
mission) could provide essential new information about the aurora, allowing us to greatly
improve our understanding of the magnetospheric origins, revealing the extent of ring
interactions and improving current magnetic field models using the auroral morphology.



Alternatively, an orbiting spacecraft (e.g. Rymer et al., PMCS study 2020) would provide
incredible depth to our understanding, just as Cassin has done at Saturn and Juno continues to do
at Jupiter. Only with such space missions will we reveal the complexities of Neptune’s aurora
and the dynamics interactions that drive them.
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