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Abstract We present the main Alfvén wing (MAW) spots of Io and Europa as observed by the Near-
Infrared Spectrograph onboard the James Webb Space Telescope. These auroral footprint features have been
measured previously, but only in emission. Here, the derived ionospheric HY emission, temperature and column
density are reported, as well as CH, spectral radiance. At the Io footprint, H} temperatures are 670-900 K,
excluding a spatially confined cold structure (538 = 17 K), localized to the MAW spot, with high densities
(0.98 + 0.43 x 10'® m~2). There are suggestions of a similar, less extreme H} population associated with the
Europa footprint. However, temperatures at lo's MAW spot show significant variability within different
observational exposures, indicating precipitation energy changes, sampling various regions of the ionosphere's
altitudinal temperature profile. This work provides a new window into understanding the auroral processes
driven by moon-magnetosphere interactions in the Jovian system.

Plain Language Summary The James Webb Space Telescope (JWST) conducted a clockwise scan
around the entire limb of Jupiter, chasing the northern lights, or aurora, as they rotated into view. This dynamic
phenomenon is a result of charged particles traveling down magnetic field lines, crashing into the top of the
atmosphere, or ionosphere, and causing it to glow. During its scan, JWST captured an extraordinary aspect of
Jupiter's aurora, known as the auroral footprints, which are bright emission patterns produced as a result of the
interaction between Jupiter's Galilean moons and the space environment surrounding the planet. Here, we
present measurements of the physical properties of the auroral footprints of Jupiter's two innermost Galilean
moons, Io and Europa, including the local temperature and ionospheric density, in the near-infrared. A never-
seen-before low temperature structure was discovered, centered on Io's bright spot of emission, possessing
extremely high densities. This is likely driven by extreme changes in the flow of electrons crashing into the
upper atmosphere.

1. Introduction

Jupiter's aurorae are the most powerful and continuously observable of any aurorae in the Solar System, and are a
manifestation of the coupling between the atmosphere and surrounding space environment. This phenomenon is
due to the planet's powerful magnetic field, fast rotation (~10 hr) and neighboring dense plasma environment
(Grodent, 2015). The volcanically active moon, Io, has an atmospheric escape rate of ~10° kg s~! (Roth
et al., 2025), which produces extended neutral clouds that become ionized to form the permanent and influential
Io plasma torus within the magnetosphere (Steffl et al., 2004).

A striking feature of the Jovian aurorae are the emissions associated with the Galilean satellites. Since Jupiter and
its magnetic field rotate faster than the orbital motion of these moons, the satellites continuously interact with the
magnetospheric plasma which is co-rotating with the field (reviewed by Saur, 2021 and Bonfond & Sulai-
man, 2024). This generates Alfvén waves which accelerate charged particles along magnetic field lines through
wave-particle interactions (Damiano et al., 2019; Hess et al., 2010; Jones & Su, 2008; Lysak & Song, 2003).
These particles then precipitate into Jupiter's atmosphere, producing the auroral footprints at the feet of the field
lines that electromagnetically connect the local plasma environment close to, and downstream of, the moons to
Jupiter's ionosphere (Connerney et al., 1993; Grodent, 2015). They appear as bright spots followed by a fading tail

KNOWLES ET AL.

1 of 11


https://orcid.org/0000-0001-5055-8115
https://orcid.org/0000-0001-5971-2633
https://orcid.org/0000-0003-3990-670X
https://orcid.org/0000-0003-4481-9862
https://orcid.org/0000-0002-4218-1191
https://orcid.org/0000-0002-6917-3458
https://orcid.org/0000-0003-2685-9801
https://orcid.org/0000-0001-7339-9495
https://orcid.org/0000-0002-5753-1262
https://orcid.org/0000-0003-4696-2160
https://orcid.org/0000-0002-5773-6110
mailto:k.knowles@northumbria.ac.uk
https://doi.org/10.1029/2025GL118553
https://doi.org/10.1029/2025GL118553
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL118553&domain=pdf&date_stamp=2026-03-03

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL118553

of emission, and are identifiable in the infrared (Connerney et al., 1993) and ultraviolet/UV (Clarke et al., 1996)
due to the ionization of H, to produce HY and excitation of H,, respectively.

Io is the innermost Galilean moon (5.9 R; away from Jupiter, 1 R; = 71,492 km), and its footprint includes a
number of features (not limited to): Main Alfvén Wing (MAW) spot, originating from the direct Io-
magnetosphere interaction (Bonfond et al., 2008; Saur et al., 2013); trans-hemispheric Electron Beam (TEB)
spot, caused by conjugate electron beams from the opposing hemisphere's MAW spot (Bonfond et al., 2009; Hess
et al., 2010); an extended tail trailing the MAW spot (Szalay et al., 2020), can possess a swirling pattern and split
in two (Mura et al., 2018).

Less is known about Europa's footprint (at 9.4 R;) due to its weaker emission and the lack of observations with a
visible tail (Allegrini et al., 2020; Bonfond et al., 2017; Grodent et al., 2006). It is located at the equatorward edge
of the bright main auroral emission (magnetically mapping to 20-30 R; in the magnetosphere's equatorial plane),
and can often be disturbed by injection signatures (Dumont et al., 2014; Hess, Bonfond, & Delamere, 2013). The
substructure of the footprint tail appears as sequential periodic sub-dots or a fading arc (Moirano et al., 2021).

The electrodynamic interaction between Jupiter and the Galilean moons results in the acceleration of plasma into
the planet's upper atmosphere, creating additional production of H¥, a prevalent molecular ion in Jupiter's
ionosphere (Achilleos, Miller, Tennyson, Aylward, et al., 1998; Connerney et al., 1993). Its near-infrared (NIR)
emissions are governed by its thermal excitation, such that the observed intensity is dependent on both the local
ion density and thermospheric temperature (Miller et al., 2013). H is formed by the ionization of neutral mo-
lecular hydrogen, either via electron precipitation predominately at the magnetic poles, or dayside photoioni-
zation. After formation, H} quickly becomes thermalized to the neutral atmosphere (Miller et al., 2020), thus its
derived temperature is a proxy for the local thermospheric temperature. It is primarily destroyed via dissociative
recombination with free electrons or through charge-exchange with hydrocarbons, such as methane, beneath the
homopause (Moore et al., 2004, Figure 5).

The intricate morphology of moon-induced footprints reflect the complex dynamics of the interaction, allowing
us to gain insight on the coupling between Jupiter and the plasma environment at the satellites' orbits, but not on
their generation. The precipitating flux will preferentially interact with different atmospheric altitudes depending
on their energy (Szalay et al., 2018), and the derived H} parameters represent a convolution of the vertical density
and temperature structure. Therefore, NIR spectral measurements allow constraints to be placed on the precip-
itation flux, energy and variability, granting unique understanding on the footprints generation and impact on
Jupiter's ionosphere. Such work is relevant for NASA's Juno mission (Bolton et al., 2017), as well as to support
future investigations of the Galilean moons, including the Jupiter Icy Moons Explorer (Juice) and Europa Clipper.

Here, we detail the spectral measurements taken by the James Webb Space Telescope (JWST) of the NIR
footprints of Io and Europa in Section 2, followed by our results in Section 3. A discussion is given in Section 4,
before we conclude in Section 5.

2. Observations and Methodology
2.1. Observations

JWST performed observations of Jupiter using the Near-Infrared Spectrograph NIRSpec's Integral Field Unit,
IFU (Jakobsen et al., 2022), on 7 September 2023 for a total of 22.18 hr. Thirty-six individual observations were
carried out, every 10° in latitude, scanning clockwise around the planet's limb. Each observation consists of 4
dithers (individual exposures taken after small, precise movements made by JWST), totaling 144 dithers, each
with 86 s of exposure time. Five dithers captured the Io footprint, progressing poleward from (1) to (5) in Figure 1,
with (3)—(5) including the Europa footprint. Observational details are summarized in Table 1.

The IFU produces a 3-dimensional cube with 2 spatial dimensions containing 30 X 30 spaxels (spatial pixel), each
measuring 0.1” X 0.1”, to give a spatial resolution of ~319 km/spaxel. Using the G395H/F290LP grating/filter
setting, the spectral dimension (2.87-5.27 pm), with a resolving power of R ~2,700, allows us to capture bright
HZ emission lines, as well as high-altitude non-local thermal equilibrium (non-LTE) CH,. The strong sunlight
absorption by deep CH, renders this wavelength region spectrally free from solar reflectance features from the
lower atmosphere.
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Figure 1. JWST/NIRSpec IFU observations of the auroral footprints of Io and Europa, indicated by yellow and purple arrows, respectively. (a) Integrated H} radiance
with planetocentric latitude at 550 km above the 1-bar level (dotted) and System III (West) longitude (solid). (b) Total H;’ emission with dotted gray lines for magnetic
dip angle (degrees). (c) Integrated CH, fundamental emissions with total magnetic field strength in Gauss (blue dotted) and (d) integrated CH,4 hotband emissions with
dash-dotted contours of the magnetic footprints of Io (5.9 R;), Europa (9.4 R;) and main auroral oval (25.0 R;). UTC mid-points are given above.

2.2. Methodology

As in Melin et al. (2024), we approximately model the spectral shape of the non-LTE solar-excited CH, emissions
between 3.29 and 3.55 pm. Utilizing the HITRAN CHy line list (Gordon et al., 2017), the radiance of its 3
components can be modeled; the fundamental, hotband and a third-order polynomial background. The residual
between the NIRSpec data and CH, model contains the isolated Hi spectrum, which we fit using h3ppy
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Table 1

Summary of James Webb Space Telescope Observations

Name (& dither #) UTC midpoint LON (°W) LAT (°) LT (hr) SUB-IO JOV. LON (°W)
JUPITER-DAWN-LA45N (1) 12:37:59 151.8 46.0 7.6 142.9
JUPITER-DAWN-LA45N (4) 12:48:43 147.8 443 8.3 147.8
JUPITER-DAWN-L55N (2) 13:15:02 156.7 49.3 8.6 160.0
JUPITER-DAWN-L55N (3) 13:18:37 172.2 51.1 7.9 161.7
JUPITER-DAWN-L55N (4) 13:22:11 164.1 53.7 8.6 163.3

Note. LON = median System III longitude, LAT = planetocentric latitude, LT = planetary local time, and SUB-IO JOV LON
(sub-Io Jovian longitude) = System III longitude on Jupiter where Io is located relative to the 1-bar level (accounting for light
travel time from Jupiter to JWST).

(Melin, 2025). Both the H temperature and column density can be retrieved from the spectra, as well as the total
HZ emission (a measure of its radiative cooling rate, Miller et al., 2013). Figure S1 in Supporting Information S1
shows spectral fits from the observations.

Both H} and CH, emit across a series of altitudes, hence a longer atmospheric column is measured at the limb due
to the planet's curvature (Achilleos, Miller, Tennyson, & Team, 1998). To correct the H;' parameters for the
differing observed path-lengths through the atmosphere, we determined the line-of-sight (LOS) path-length along
the pointing vector connecting the base of the ionosphere to JWST, and divided by the assumed height of a
uniform ionospheric layer (~200 km, Grodent et al., 2001), providing a first-order approximation. This was
conceptualized by Johnson et al. (2018), yet we accounted for Jupiter's oblateness (as in Melin, Fletcher,
et al., 2025 and Stallard et al., 2025). For CH,, we apply the correction methodology from Melin, Stallard,
et al. (2025).

We compare the HY parameters to the local magnetic environment by utilizing JupiterMag (Wilson et al., 2023)
together with the JRM33 internal field model (Connerney et al., 2022, version 1.3.0 using 13 degree harmonics)
and Con2020 external field model (Connerney et al., 2020, ran in analytic mode with default parameters). We
assumed an oblate spheroid with an equatorial and polar radius of 71,492 and 66,854 km, respectively, with the
ionosphere ~550 km above the 1-bar level. Field lines were traced from the ionosphere out to the magnetosphere's
equatorial plane to determine its M-shell (i.e., a given non-dipolar field line that crosses the magnetic equatorial
plane at a planetary radial distance of M from Jupiter's center).

3. Results

In Figure 1, we present the JWST/NIRSpec observations showing the auroral footprints of Io and Europa in
Jupiter's northern hemisphere. Figure la shows integrated H} radiance (emission intensity), and Figure 1b dis-
plays HY total emission with magnetic dip angle (the angle between a given field line and the local “surface”).
Figure 1c shows the integrated CH, fundamental radiance with the total magnetic field strength, and the inte-
grated CH, hotband radiance is presented in Figure 1d. The total integrated CH, emissions, and the ratio of the
fundamental and hotband components, are in Figure S2 of Supporting Information S1.

The Io MAW spot is either partially or fully visible in dithers (1)—(4) in Figure la, and the footprint tail is
observable in (3) and (5). The Europa footprint displays no resolvable sub-structure in Figure 1a or Figure 1b in
(3)-(5), equatorward of the aurora rotating into view from (3)—(5).

Figure 2 shows the derived H} temperatures (TH;) and column densities (NH;) with their associated uncertainties.
To investigate the primary driver of the satellite footprints' H} radiance enhancements, we plot the relationship
between the integrated H} radiance with Ty and Ny in Figure 3. A “blank region” is included for comparison
(spatially separated from any emission features). For both footprints, we focus on a spatial region almost entirely
filled by the MAW spot to ensure a sufficient number of data points. For Io, we investigate (2) and (3) as they have
the closest observing geometry and the MAW spot is fully visible in both, and we use (3) for Europa.

The large-scale region of weaker H} emissions across all dithers in Figure 1a, extending from ~42° to ~53°N,
spatially coincides with an identified darkening (Stallard et al., 2018), dubbed the Head of the Northern Silhouette
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Figure 2. HJ temperature and column density spectral retrievals. (a) H} temperature, (b) uncertainty of the retrieved temperature, (c) H} column density, and (d) its

uncertainty.

in Knowles et al. (2025). Figure 2 reveals decreased Ny by ~2 x 10" m~2 relative to its surroundings, closely
following where field lines are near-perpendicular relative to the 1-bar level (Figure 1b). This feature has been
attributed to a local Ny reduction, in agreement with our observations, due to the complex field at this location
leading to complicated plasma dynamics (Agiwal et al., 2025; Knowles et al., 2025; Roberts et al., 2026; Stallard
et al., 2018). Analysis of Jupiter's ionospheric darkening with JWST will be subject of a future study.
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Figure 3. Drivers of H} radiance. The two leftmost columns show HY temperature and column density for a spatial location encapsulating (a) “a blank region,” Io's main
Alfvén wing spot for dithers (b) 3 and (¢) 2, and (d) the Europa footprint. The relationship between HY temperature and radiance, and between the HY column density
and radiance, are displayed in the two right-hand columns, respectively, with uncertainties. p indicates the Pearson correlation coefficient.

4. Discussion
4.1. The Io Footprint

Figure 2a shows a spatially confined cold structure, unique to (3) and localized to the core of Io's MAW spot. Ty
reaches a minimum of 538 + 17 K, and is haloed by higher temperatures of 766 = 14 K, extending into the
footprint tail. The ionospheric temperature immediately westward in (3), before the footprint has crossed, is
comparable (740 + 8 K). The Ny associated with the MAW spot reaches a maximum of 9.8 + 4.3 x 10'* m~

far exceeding those observed in the main auroral emission (~3 X 10'® m~2). Conversely, the other dithers exhibit
an increase in both Ty and Ny at the MAW spot. The significantly different HI parameters observed in (3) may
be due to: (a) the Io footprint traversing through diverse ionospheric/magnetic spatial conditions, (b) the
observing geometry revealing the footprint's deeper altitudinal extent, and (c) temporal variations in the electron
precipitation due to either local changes in the acceleration process or in the moon-magnetosphere interaction.

In Figure 1, the footprint is rotating through a region where field lines are near-perpendicular relative to the 1-bar
level. The field strength is also high (14.0-17.5 G) due to the magnetic feature, the Northern Hemispheric Flux
Band, at these longitudes (Connerney et al., 2018). The MAW footprint is known to be strongly modulated with
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Io's magnetic longitude (Bonfond et al., 2013; Hue et al., 2019; Wannawichian et al., 2013), due to density and
magnetic field variations that Io encounters through the torus (Hess, Bonfond, Chantry, et al., 2013). However,
the magnetic conditions do not significantly vary across (1)—(5), neither does the footprint's longitudinal position,
and the Poynting flux is only expected to change by ~10% across System III longitudes of 160-180°W (Hess,
Bonfond, Chantry, et al., 2013, Figure 3). Therefore, the footprint's traversal through the local magnetic condi-
tions is unlikely to be the primary contributor for the observed phenomenon in (3), but may suggest an intrinsic
stochastic variability in the electron precipitation.

We assess whether the driver of the HY radiance differs between (3), where the low-temperature MAW core is
observed, and (2), where it is not seen, in Figures 3b and 3c, respectively. The strongly correlated relationship
between NH; and radiance possesses a Pearson correlation coefficient (p) of 0.92 and 0.87 for (3) and (2),

respectively. Yet uniquely in Figure 3b, a strong anti-correlation with Ty is introduced (p = —0.82), implying the
enhanced HY radiance associated with Io's MAW spot is primarily driven by increased Ny, but the precipitation
also acts to reduce Ty;. Furthermore, the Ny: across the MAW spot spatially varies by a factor of ~45
(Figure 3b). By contrast, Ny in Figure 3c vary by ~9 at the MAW spot, and the Tyt variation is comparable
between (2) and (3), with a factor of ~1.3 and ~1.7, respectively.

The mean emission angle is 74.8° and 81.7° in Figures 3b and 3c, respectively, leading to a 6.9° difference in the
viewing geometry. The Io footprint is also close to the limb in (1) and (2). In tandem, these may influence the
columns of atmosphere observed, with the Io spot observed the most directly in (3). However, a narrow layer of
high-Nyy, low-Ty; at the MAW spot will be always visible since any intervening HZ would be optically thin (and
lower density, Lam et al., 1997). Increasing the path-length would have a negligible effect unless neighboring
layers possess comparable densities (not observed in Figure 2). Thus, the changing viewing geometry cannot
explain the variability across different exposures.

The increased Ny: could be losing energy to space via its thermal infrared emissions, thus cooling the atmosphere

through the H¥ thermostat effect (Miller et al., 1994, 2010). The power (P) required to cool the atmosphere, in the
absence of horizontal transport, to the derived temperatures for the MAW spot would be

c,AT
p=+t—,
At

(1

where ¢, is the total heat capacity of the gas, AT is the temperature change and At is the time when AT occurs.
Using the methodology in Melin et al. (2006), we utilize Az = 1 hr (timing between start of dither 1 and end of
dither 5) and AT = 218 K (temperature difference between MAW core and surroundings in dither 3). Assuming
LTE, the total work required to cool the atmosphere is 0.97 Wm™2sr~!, whereas the total emission (its cooling
rate) from Figure 1b is ~100 uWm~2sr~!. Therefore, the H} cooling effect cannot explain the temperature
structure in (3), given that the required energy loss to cool the atmosphere is ~1 X 10° larger than what the H}
cooling provides.

A bright, cool and dense population of Hi at the MAW spot may sit at lower altitudes relative to its surroundings,
where temperatures are cooler (Migliorini et al., 2019; Moore et al., 2019). Changeable electron energies could
produce Hj at different altitudes, sampling various regions of the upper atmosphere's vertical temperature profile.
Using Figure 2a and the Jovian temperature vertical profile from Tao et al. (2011), we calculated the altitude at
which the observed Ty occurs above the 1-bar level (Figure S3 in Supporting Information S1). Within (3), the Hf

ions at the MAW core are predicted to reside around 400 km, corresponding to a H} production rate caused by
auroral electrons with energies of 10-100 keV (Tao et al., 2011) or 10-20 keV (Gérard et al., 2014). For the halo
population, and the Io footprint in the other dithers, the HY sits at 600650 km (<10 keV).

If the incident electrons are able to propagate beyond the base of the ionosphere, they may affect lower-altitude
CH,. An enhancement in the CH, emissions can indicate local heating or an elevated homopause altitude. If there
is no spatial variation in the CH, emissions at the MAW spot, either the electrons are not energetic enough, or any
excitation is relatively minor (Sédnchez-Lépez et al., 2021). Furthermore, since the fundamental band sits at higher
altitudes than the hotband (Sanchez-Lopez et al., 2021), the component emissions may help characterize pre-
cipitation depth.
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In Figure 1c, the fundamental CH, emissions show a faint enhancement at the MAW spot, unique to (1) and (2), but
there is no corresponding brightening in the hotband (Figure 1d). Figure S2 in Supporting Information S1 shows a
weak enhancement in the component ratio for (1)—(4) at the location of the MAW spot. This may be explained by
the faint brightening in the fundamental (dithers 1 and 2 in Figure 1c), whereas for dithers (3) and (4), it may be
tentatively attributed to a minor reduction in the hotband (Figure 1d). However, the weaker hotband emissions at the
MAW spot are relatively indistinguishable from the noise within Figure 1d, owing to its lower signal-to-noise.
Consequently, Figure 1 and Figure S2 in Supporting Information S1 suggest the lo footprint causes a minor
signature in the CH, fundamental radiance that can only be seen at the limb due to the LOS enhancement (hence it is
not observed in dithers 3-5), and/or the energetic flux affecting (3) is not significant enough to reach the CHy.

The Io-Jupiter interaction can generate large enhancements in ionospheric density, likely affecting the conductivity
and hence governing the currents flowing between them (Gérard et al., 2020). The observed Ty in Figure 2a
indicate a change in the peak ionization altitude across the MAW spot, implying an energy variation in the pre-
cipitation, and the extreme variability in Npy; suggests short-term temporal variations in the incident flux
(Figure 2c). Considering the range of NH; across the Io footprint and over each dither, and thus the variability in H}
production, on the timescales of 1.4 min (integration time) and 3.5 min (timing between dithers), the electron flux
(and likely energy) changes may be on similar timescales. Further, since the footprint traverses across longitudes
such that precipitation cannot act on a parcel of atmosphere for an extended period, the H} at the MAW core is
presumably short-lived. Mura et al. (2025) derived a HY lifetime of hundreds of seconds in the Io spot (dependent
on Nyz) using measurements acquired by Juno's Jovian Infrared Auroral Mapper (JIRAM, Adriani et al., 2017).

The inferred electron energies indicate values of 10-100 keV (Tao et al., 2011) and 10-20 keV (Gérard
et al., 2002, 2014), and JIRAM measurements suggest 10 keV incident electrons at the Io footprint (Mura
et al., 2025). Using Juno Ultraviolet Spectrograph observations (Gladstone et al., 2017), Moirano et al. (2026)
derived a mean electron energy of 13 keV for Io's MAW spot during perijove (orbit) 40, with significant vari-
ability between perijoves. For the footprint tail in (3), we infer incident energies of ~10 keV (Tao et al., 2011) and
<5 keV (Gérard et al., 2014), which are slightly larger than the 1.1 and 0.4-3 keV mean energies from Bonfond
et al. (2009) and Moirano et al. (2026), respectively. However, these estimated altitudes, and subsequent electron
energies, are model-dependent, and the use of alternate atmospheric models will yield different values. Juno's
Jovian Auroral Distributions Experiment (JADE, McComas et al., 2017) often does not register statistically
significant electron counts above 10 keV, and there have been few passes through the MAW flux tube. None-
theless, there are isolated instances in which precipitating electrons of >10 keV are observed on ~1 s timescale
(Szalay et al., 2020, Figure 1c). The total energy flux varied by approximately an order of magnitude, implying
fine structure to the electron fluxes, consistent with our interpretation of highly variable precipitation. Addi-
tionally, during the JWST observations, the TEB spot was expected to be close to, perhaps overlapping, with the
MAW spot, which may contribute to the influx of energetic electrons.

Moirano et al. (2023) detected variability in the footprint's position, related to changes in the plasma conditions
about Io's orbit, which may have subsequent effects on the footprint's ionospheric structure. Changes in the UV
brightness have also been highlighted on ~1 min (Bonfond et al., 2007) and 2—4 min (Bonfond et al., 2013)
timescales, possibly indicating variable mean electron energies, and are comparable to the JWST timings
(~1.4 and ~3.5 min). Ultimately, we are unable to decipher the mechanism responsible for short-term temporal
variations in the precipitation. Likewise, we cannot establish how it may be modified by planetary local time, Io's
location within its torus, or the ionospheric magnetic conditions. Additional observations need to constrain
whether the examined data represents the “typical” spectral variability, and how it varies, since our observations
represent single snapshots in time and space.

4.2. The Europa Footprint

The footprint of Europa, the smallest Galilean moon, displays a faint enhancement in the H integrated radiance
and total emission (Figure 1, dithers 3-5). Additional observations are shown in Figures S4-S6 in Supporting
Information S1, labeled (6)—(8). We exclude (4) and (5) from further discussion due to bad spaxels giving non-
physical values at the Europa auroral footprint.

The footprint has no significant enhancements in the CH, emissions (Figure 1, Figures S4 and S5 in Supporting
Information S1), and no compelling spatial variations in Ty: (Figure 2a and Figure S6a in Supporting
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Information S1). The calculated altitude at which the derived temperature occurs for the footprint is ~530 km
(Figure S3 in Supporting Information S1), implying electron energies of 5-10 keV (Gérard et al., 2014; Tao
et al., 2011) that are comparable to in situ measurements (Allegrini et al., 2020).

The Ny are around 9.0 % 0.6 X 10" m™? in both Figure 2¢ and Figure S6c in Supporting Information S1, and
Figure 3d shows how its Hf radiance is well correlated with Nyr (p=0.85). A distinct outlier possesses relatively
low Ty and high Ny in Figure 3d, potentially indicative of a cold, dense population of HZ associated with the

footprint aurora, as has been observed for lo. However, this is based on a single spaxel with large uncertainties,
which makes it statistically challenging to conduct further analysis.

5. Conclusions

We analyze the first NIR spectral measurements of the auroral footprints of Io and Europa from JWST NIRSpec
IFU observations, and reveal how they alter Jupiter's sub-auroral ionosphere. The H¥ radiance for both footprints
is predictably found to be primarily driven by column density, as opposed to the local thermospheric temperature,
but has not been directly observed until now.

Significant variability is detected in the Hf temperatures (~40%) and densities (~310%) across ~23 min at the
center of lo's MAW spot, and is presumably driven by changes in the precipitation flux and energy. A cold core of
high density Hf was seen within the Io footprint, surrounded by a relatively hot “halo” extending into the footprint
tail, and is indicative of the sensing of two populations, partitioned in altitude. This never-seen-before feature
likely requires energetic electron precipitation to generate a high concentration of ionospheric HY, with pro-
duction occurring at higher (warmer) altitudes encircling it. Therefore, we have revealed the 2-dimensional
structure of the incident electrons at Io's auroral footprint.

Our findings highlight the unique insights gained from analyzing the NIR spectra from the footprints of Jupiter's
Galilean moons, where it is possible to constrain their variability and infer the plasma properties about the satellites’
orbits. The high derived Hf column density and implied production rate will provide useful constraints for models.
This analysis, as well as future endeavors, can supply context to in situ measurements acquired by Juno as it
traversed within the moons' orbits during its prime and extended missions, as well as for Juice and Europa Clipper.
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henrikmelin/h3ppy (and the associated journal article is at https://doi.org/10.21105/joss.07536).
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