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Abstract

Here we review the origin, evolution, and compositional properties of Saturn’s ring moons.
This class of eleven small satellites includes objects orbiting near the outer edge of the main
rings (Pan, Daphnis, Atlas, Prometheus, Pandora, Janus, Epimetheus) and “ring-embedded”
moons (Aegeon, Methone, Anthe, Pallene) orbiting inward of Enceladus and associated with
either diffuse or partial rings. We discuss current formation scenarios, according to which
ring moons could originate either in the main rings from accretion onto original seeds denser
than the ring material, or outside the A ring from spontaneous accretion of ring particles,
and then evolve outwards due to gravitational torque from the rings. Remote sensing obser-
vations of the ring moons from the Cassini mission are analyzed in the broader context of
Saturn’s icy moons and main rings observations. Spectroscopic data support a compositional
paradigm similar to the main rings, dominated by water ice, and smaller amounts of two sep-
arate contaminants, in the form of a UV absorber and a spectrally neutral darkening mate-
rial. Global radial trends in the spectral properties of the ring moons suggest that the surface
composition is significantly affected by a complex interplay of exogenous processes, among
which the contamination from nearby A ring particles, meteoritic bombardment, charged
particle flux, and E ring particle accumulation, depending on the corresponding magnitude
at the ring moon orbital distance and exposure time. These processes modify the original
composition inherited by the rings and, coupled with the fact that the surface composition
is likely representative only of the ring moon outer layers, make it difficult to trace back the
present composition to a given ring moon formation scenario.
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1 Introduction

Among Saturn’s 146 known satellites, as of 2023 (Sheppard et al. 2023), are eleven small
inner satellites that are dynamically-related to the rings and which we refer to here as “ring
moons”. Ring moons play a crucial role in preserving the rings from viscous expansion, a
result of the collisions among ring particles which causes their diffusion through viscous
interactions (Charnoz et al. 2009). Orbiting near the outer edge of the rings, ring moons are
at the right distances from Saturn to generate strong orbital resonances, which, in addition
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to the gravitational influence of the larger Mimas, are capable of restraining the ring viscous
radial spreading (Lissauer and Cuzzi 1982; Tiscareno et al. 2007; Tajeddine et al. 2017a).
The ‘dynamical age’ of the rings is thus closely linked to the presence, number and size of
its associated ring moons (as well as Mimas), while being fundamentally driven by viscous
spreading due to internal collisional interactions (Salmon et al. 2010).

The histories of Saturn’s ring moons and the ring system are strongly related among
them since they probably share at least aspects of their origin. Numerical simulations show
that collisions among ring particles can clump them together to form larger “dynamical
ephemeral bodies”, up to tens of meters in size, which then undergo tidal disruption (Wei-
denschilling et al. 1984; Davis et al. 1984). However, if the accretion of ring material occurs
onto a seed with density larger than that of ring particles, the aggregate can survive dis-
ruption to form a small moon (Charnoz et al. 2007, 2009). As a consequence, many of the
ring moons could be the result of a recent aggregation of ring particles, that successively
evolved outside the main ring system. Alternatively, spontaneous accretion of ring material
might lead to the in situ formation of moons, if occurring at distances where the moonlet
self-gravity overcomes local Saturn’s tidal forces. As a result of these formation processes,
the ring moons preserve to some extent the composition of the ring particles from which
were accreted, and can be considered as a “bridge” between the main rings and mid-sized
icy satellites. Nonetheless, ring moon surfaces are also affected by a complex interplay of
exogenous processes, such as contamination of nearby ring material (Buratti et al. 2019;
Hedman et al. 2020), bombardment from magnetospheric particles (Roussos et al. 2008;
Paranicas et al. 2018; Hedman et al. 2020), and contamination from meteoritic dust (Cuzzi
et al. 2009), which modifies the physical and compositional properties of the material inher-
ited from the main rings.

In this article we discuss the ring moon formation processes and investigate the sur-
face composition of the ring moons in comparison to the main rings and the mid-sized icy
satellites. This would help to improve our understanding of the processes determining the
evolution of the Saturn’s system in general, and, by consequence, of the main rings, in an
effort of finally constraining their primordial composition, origin and age.

We proceed by first introducing the different ring moon dynamical families (Sect. 2), then
we summarize their structural and morphological properties (Sects. 3 and 4) and review cur-
rent ring moon formation and orbital evolution scenarios (Sect. 5); the current understanding
of the ring moon surface composition from Cassini remote sensing data, in comparison to
Saturn’s ring and mid-sized icy satellites, is presented in Sect. 6 and it is complemented by
a review of the composition of the F and G rings in Sect. 7; the exogenic processes affecting
ring moon surface properties are addressed in Sect. 8; finally, in Sect. 9 we summarize the
main findings and discuss the implications of the observed ring moon composition in the
context of Saturn’s ring moon origin and evolution.

2 Ring Moon Dynamical Families

Following Thomas et al. (2013, 2018b), we may conveniently divide the ring moons into
three families, based on their distinct orbital or dynamical environments:

e The inner ring moons, Pan, Daphnis, Atlas, Prometheus and Pandora, occupy orbits either
within gaps in the rings (Pan and Daphnis), in close proximity to the A ring (Atlas), or
straddling the narrow F ring (Prometheus and Pandora).

e The coorbital satellites, Janus and Epimetheus, share a common orbit located between the
F ring and Mimas, exchanging their relative positions every 4 yrs.
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e Aegaeon, Methone, Anthe and Pallene are all embedded within either narrow diffuse rings
or partial rings/arcs. Aegaeon orbits within the G ring, located between the coorbitals and
Mimas, while the other three occupy orbits between those of Mimas and Enceladus. Along
with tiny Polydeuces, they are the smallest of the inner Saturnian moons.

In addition, there are four objects, Telesto, Calypso, Helene and Polydeuces that are not
strictly-speaking ‘ring moons’, but small bodies that librate around the L4 and Ls triangular
Lagrange points of the mid-sized satellites Tethys and Dione, respectively. These objects
are probably most like the objects in the last group because they orbit within the E ring like
Anthe, Methone and Pallene. Furthermore, just as the orbits of these moons are strongly
perturbed by Tethys and Dione, the orbits of Aegaeon, Anthe and Methone are heavily
influenced by mean-motion resonances with Mimas. The dynamical state and history of
all these moons are therefore strongly influenced by Saturn’s mid-sized satellites.

The ring moons’ principal orbital characteristics are summarized in Table 1, based largely
on fits to Voyager and Cassini optical navigation data by Spitale et al. (2006), Jacobson et al.
(2008), Hedman et al. (2009, 2010), and Cooper et al. (2008, 2015). Most of these objects
suffer significant orbital perturbations due to interactions with other satellites and the values
listed in Table 1 are decade-long averages based on numerical integrations.

2.1 Inner Ring Moons

Pan is responsible for clearing and maintaining the 322 km-wide Encke gap in the outer A
ring, at whose edges and in the adjoining ring material it drives a complex pattern of km-
scale oscillations collectively referred to as ‘satellite wakes’ (Showalter et al. 1986; Weiss
et al. 2009), from which its mass has been estimated.

Daphnis plays a similar role in the 35 km-wide Keeler gap, but is significantly smaller
than Pan. It too drives oscillatory perturbations on the gap edges, from which its mass has
been estimated (Weiss et al. 2009). Cassini observations have revealed occasional and irreg-
ular changes in its semimajor axis and orbital period, of unknown origin (Jacobson 2014;
Santana et al. 2019).

Orbiting about 900 km outside the edge of the A ring, Atlas is similar to Pan in size and
shape. Their non-spherical shapes could be the result of either accretion of ring particles
(Charnoz et al. 2007) or the result of low-velocity collisions (Leleu et al. 2018).

Atlas orbit is mildly chaotic, apparently due to overlapping 54:43 mean-motion reso-
nances (henceforth MMRs) with Prometheus (Cooper et al. 2015; Renner et al. 2016). De-
spite the initial assumption that probably inspired its name, Atlas does not ‘hold up’ the
edge of the A ring. This task is instead currently largely accomplished by the 7:6 mean-
motion resonance with Janus (Spitale and Porco 2009; Tajeddine et al. 2017a; Nicholson
et al. 2018).

About 3400 km beyond the outer edge of the A ring lies the narrow, multi-stranded F
ring, on either side of which orbit the satellites Prometheus and Pandora. Initially referred to
as ‘shepherd satellites’, due to their perceived role in confining the F ring, subsequent studies
have shown that the true situation is more complex, although many of the unusual periodic
structures seen in this ring have been shown to be due to perturbations by Prometheus (Mur-
ray and Giuliatti Winter 1996; Murray et al. 2005). For a more detailed discussion of the F
ring’s structure and dynamics, the reader is referred to the reviews by Colwell et al. (2009)
and Murray and French (2018). Observations of Prometheus and Pandora with HST in the
mid-1990s, and some models, suggested that their orbits are chaotic, with discontinuities in
their mean motions associated with the times — every 6.2 yrs — when the apocenter of the
former was aligned with the pericenter of the latter (Poulet and Sicardy 2001; French et al.
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Table 1 Orbital data for Saturn’s ring moons!. The JPL Horizons ID (Code), average semi-major axis
(amean ), eccentricity (Ecc.), inclination (Incl.) and period are reported for each target. For reference, also
significant ring features are included, for which the corresponding radius (Rad.) is indicated. All moons out-
side Janus orbit within the diffuse E ring

Satellite/Ring Code  amean/Rad. Ecc. Incl. Period Source

(km) (deg)  (days)
A ring inner edge 122,050 French et al. (2017)
Encke gap inner edge 133,423 French et al. (2017)
Pan? 618 133,584 0.00001 0.0 0.575051  Jacobson et al. (2008)
Encke gap outer edge 133,745 French et al. (2017)
Keeler gap inner edge 136,487 Tajeddine et al. (2017b)
Daphnis2 635 136,506 0.00003  0.004  0.594080 Jacobson et al. (2008)
Keeler gap outer edge 136,522 French et al. (2017)
A ring outer edge 136,770 El Moutamid et al. (2016)
Atlas 615 137,666 0.00116  0.003  0.601693  Cooper et al. (2015)
Prometheus? 616 139,378 0.00223  0.008  0.612990  Cooper et al. (2015)
F ring core 140,221 Cuzzi et al. (2018a)
Pandora’ 617 141,712 0.00419  0.050  0.628503  Cooper et al. (2015)
Janus(a)4 610 151,462 0.0068 0.164  0.694661 Cooper et al. (2015)
Janus(b)4 610 151,441 0.0068 0.164  0.694517  Cooper et al. (2015)
Epirnetheus(a)4 611 151,414 0.0097 0.352  0.694329  Cooper et al. (2015)
Epimetheus(b)* 611 151,489 0.0097 0.352  0.694850  Cooper et al. (2015)
Aegaeon® 653 167,494 0.00024 0.001 0.808111 Hedman et al. (2010)
Methone> 632 194,230 0.0000 0.013  1.009575  Jacobson et al. (2008)
Anthe? 649 197,655 0.0012 0.017  1.036517  Cooper et al. (2008)
Pallene’ 633 212,280 0.0040 0.181 1.153746  Jacobson et al. (2008)
Telesto® 613 ~ 294,670  0.001 1.18 1.88780 SAT441
Calypso6 614 ~ 294,670  0.001 1.50 1.88780 SAT441
Helene’ 612 ~ 377,410  0.007 0.21 2.73691 SAT441
Polydeuces’ 634 ~ 377,410 0.019 0.18 2.73691 SAT441

1Geometric elements fitted to the numerically-integrated orbit, or average epicyclic elements
2pan & Daphnis are modeled as precessing ellipses

3Prometheus and Pandora interact chaotically at intervals of ~ 6.2 yrs when their pericenters are in anti-
alignment

4Janus & Epimetheus share a common mean orbit, exchanging their relative positions every 4.0 yrs. Orbit (a)
refers to the periods 2002-5 and 2010-3, while orbit (b) refers to the periods 2006-9 and 2014-7

5Aegaeon, Methone, Anthe, and Pallene orbit within faint dusty rings (see text)
OTelesto & Calypso librate about the L4 and L5 points of Tethys, respectively

"Helene & Polydeuces librate about the L4 and L5 points of Dione, respectively

2003). The chaos was later confirmed numerically but shown to be due to a series of overlap-
ping 121:118 MMRs between the two moons (Goldreich and Rappaport 2003; Cooper et al.
2015). The dusty F ring itself lies in a dynamically chaotic region, but is anchored by a more
massive large-particle core composed of multiple short arcs lying in locally-stable sites of a
Corotation-Eccentricity resonance with Prometheus (Cuzzi 2024; Cuzzi et al. 2024). Nev-
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ertheless, important questions (such as its uniqueness) remain unresolved. Its mass is very
uncertain, though probably much less than that of Prometheus or Pandora, and collisional
events observed by Cassini suggest that it contains many small moonlets embedded within
the icy dust that dominates its visual appearance (Charnoz et al. 2005; Beurle et al. 2010;
Attree et al. 2012; Murray and French 2018).

2.2 Coorbital Moons

Approximately 11,000 km beyond the F ring we find the co-orbital satellites, Janus and
Epimetheus, the only known example in the Solar System of a pair of similar-mass objects
trapped in a horseshoe libration about their mutual L4 and Ls Lagrange points (Dermott
and Murray 1981). Every 4.0 years, the two moons suffer a close approach and exchange
angular momentum, one moving closer to Saturn while the other moves further away. Their
mass ratio is ~3:1, and modeling of the libration has yielded increasingly accurate masses
for both objects (Yoder et al. 1989; Nicholson et al. 1992; Jacobson et al. 2008).

The present configuration is stable, but the outward migration of the satellites due to their
gravitational interaction with the A ring' is likely to lead eventually to a ‘tightening’ of the
co-orbital resonance, and its conversion from horseshoe motion to a Trojan-style libration
of Epimetheus about the L4 or Ls point of Janus (Lissauer et al. 1985).

2.3 Ring-Embedded Moons

Between the orbits of the coorbital satellites and that of Enceladus, Cassini discovered four
small moons, three of which are in MMRSs with the mid-sized satellite Mimas and each of
which is closely associated with either a diffuse ring or a partial ring (sometimes referred to
as a ‘ring arc’.)

The sub-km-sized satellite Aegaeon is actually embedded within the G ring (Hedman
et al. 2010), a diffuse ring located midway between the orbits of Janus and Mimas and
discovered by Pioneer 11. Cassini’s discovery of Aegaeon resolved a long-standing mystery
as to this ring’s origin, which is now thought to arise from material ejected from Aegaeon as
a result of impacts by interplanetary objects. Aegaeon is trapped in a 7:6 inner MMR with
Mimas, as is the concentration of G ring particles that forms a distinct arc surrounding that
moon.

The other three moons, Methone, Anthe and Pallene are located between the orbits of
Mimas and Enceladus (Hedman et al. 2009). Anthe is in a 10:11 outer MMR with Mimas
(Cooper et al. 2008), while Methone is in a 14:15 outer resonance (Spitale et al. 2006). Each
is associated with a partial ring or arc that appears to be trapped in the same MMR, but
lengthy libration periods of 1-2 yr make this difficult to prove observationally. Pallene, on
the other hand, is associated with a narrow but azimuthally-complete dusty ring. It is very
close to, but apparently not trapped in, a 19:16 inner MMR with Enceladus (Cooper et al.
2015).

These four satellites seem very likely to be the ultimate sources of the associated ring
material, which is probably ejecta produced by high-velocity impacts of interplanetary dust
particles, in the same manner that the jovian rings are believed to be derived from its em-
bedded moons (Burns et al. 1999). The added wrinkle here is that, at least for Aegaeon,
Methone and Anthe, some or all of this ejecta remains trapped in the same resonance as its
parent moon, and thus forms an arc rather than a complete ring.

More precisely, the reaction torque associated with the several strong density waves driven in the main rings
by the satellites; see the discussion in Sect. 5.
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3 Radii, Masses and Mean Densities

The radii, masses and mean densities of the inner small moons, where known, are summa-
rized in Table 2, adapted from Thomas and Helfenstein (2020) and references therein. The
masses listed here are based on analysis of their mutual gravitational perturbations or — in
the case of Pan and Daphnis — their effects on the nearby rings. Helene’s mass has recently
been estimated from its perturbation of the orbit of Dione (Jacobson 2022). In the case of
Aegaeon, Methone and Pallene, their near-ellipsoidal shapes have been used to estimate
their densities directly, assuming hydrostatic equilibrium (Thomas et al. 2013).

The most striking feature here is the low densities; all but Anthe — whose mass and
density are unknown — have mean densities appreciably less than that of pure water ice (~
920 kg m™?), and at least a factor of two less than that of the saturnian mid-sized satellites.
The implication is that all of these objects are extremely porous, with a fraction of void
space (or porosity) ranging from at least 30% for Janus and Epimetheus to at least 70%
for Methone and Pallene, even assuming a negligible rocky component. The mean densities
vary systematically with the objects’ sizes: from a minimum of ~ 250 — 300 kg m~3 for
Daphnis, Pallene, and Methone, to ~ 400 kg m~3 for Pan and Atlas, ~ 500 kg m~3 for
Prometheus and Pandora, and 630 kg m~3 for Janus and Epimetheus. In this respect, the
smallest ring moon Aegaeon is an exception, with a density of ~ 540 kg m~3. Particularly
noteworthy is the similarity in density shown by the pair of co-orbitals and by the two F ring
shepherds. The trends seen in the ring-moon densities suggest an internal compression that
increases with size, though even Janus and Epimetheus have very low central pressures, of
order 3 x 10° Pa.

As is elaborated on in Sect. 5, the very high porosities are more consistent with the
hypothesis that these objects accreted from ring material than with the idea that they are
collisional shards resulting from the destruction of larger satellites, though we discuss below
the possibility that all or many of these moons may harbour a denser core, which may be
such a collisional shard.

Support for the accretional model is provided by the distinctive ‘flying-saucer’ shapes
of Pan and Atlas, as revealed in high-resolution Cassini images (Porco et al. 2005, 2007;
Charnoz et al. 2007; Buratti et al. 2019), whose prominent equatorial ridges might be due to
ongoing accretion of icy material from the adjacent rings. Further discussions of the sizes,
shapes and surface morphologies of the inner moons are to be found in Porco et al. (2007),
Thomas et al. (2013, 2018b), Buratti et al. (2019), and Rambaux et al. (2022) as summarized
in Sect. 4 below.

4 Ring Moon Shapes and Morphology

Ring moons range from a few kilometers to ~ 100 km in radius (see Table 2), and many
of these low-density, highly tidally constrained, rapidly rotating satellites exhibit irregular
shapes. Figure 1, adapted from Thomas et al. (2018b), illustrates the diversity of shapes of
these satellites in the context of Saturn’s small moons. The images were acquired by the
Cassini spacecraft during its journey through the saturnian system and especially at the end
of the mission during the Grand Finale orbits. The shapes vary from ravioli-like structures
with an equatorial ridge (Atlas, Pan and Daphnis), to elongated ones for Prometheus and
Pandora, irregular covered with craters for Janus and Epimetheus, and the surprising smooth
triaxial ellipsoids of Methone, Pallene and Aegaeon.
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Fig. 1 Photomontage of the saturnian ring moons and Lagrangian satellites adapted from Thomas et al.
(2018b). The images were all taken with Cassini’s Narrow Angle Camera (NAC) and scale bars in kilometers
indicate the relative sizes of each group of satellites

The Cassini-Huygens mission included several close flybys of these satellites, obtain-
ing images with the Narrow-Angle Camera of the Imaging Science Subsystem (ISS) (Porco
et al. 2004) at resolutions of ~ 200 m/px (ranging from 5.3 km/px to 27 m/px; see Table 2
for the maximum resolution achieved at each body). The processing and analysis of these
images is described in a series of papers by Thomas et al. (2013, 2018b) and Thomas and
Helfenstein (2020), which provide each satellite’s global topography as well as fundamental
quantities such as its mean density, mean radius and best-fitting ellipsoid. These parame-
ters were deduced using a combination of limb measurements and control point analyses
(Thomas et al. 2013, and references therein).

Most notably, Thomas and Helfenstein (2020) discuss Digital Terrain Models (DTMs;
shape data are from Thomas et al. 2018a, available in the Planetary Data System) that pro-
vide descriptions of the shapes of the bodies in terms of tessellated plate models whose
estimated radial uncertainties range from tens to hundreds of meters. Recently, spherical
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Fig.2 Principal axis ratios b/a and ¢/b with their uncertainties for the small satellites of Saturn. The green
curve represents the expected trend for a Roche ellipsoid configuration. The yellow curve is the “Omega
sequence” of Dobrovolskis (2019). Blue points are from the best-fit ellipsoids of Thomas and Helfenstein
(2020) and red points are from the degree-2 ellipsoid shapes of Rambaux et al. (2022) after spherical harmonic
decomposition (figure adapted from Rambaux et al. 2022)

harmonic analysis of these DTMs has continued this descriptive work, to describe some ge-
ological features and to estimate fundamental quantities such as gravitational coefficients
and librational amplitudes (Rambaux et al. 2022).

The hydrostatic equilibrium shape of a body in a strong tidal environment is specified by
the Roche ellipsoid (Roche 1851; Chandrasekhar 1969). The first Cassini observations of
ring moons and their analysis suggested that these bodies had accreted around an initial seed
with shapes close to the appropriate Roche ellipsoid (computed using Roche lobe procedure
in Porco et al. 2007). However, subsequent observations have led to more precise values of
the semi-major axes of the best-fit ellipsoids (Thomas and Helfenstein 2020), whose ratios
(¢/b vs b/a) are reported in Fig. 2, indicating a departure from the values expected in Porco
et al. (2007). In addition, the topography is disturbed by geological structures at various
morphological wavelengths, such as ridges and depressions, or by impact processes that
modify the final shapes for highly cratered bodies.

Rambaux et al. (2022) proposed to use the spherical harmonic decomposition to filter out
the effect of craters (corresponding to short surface wavelengths) and to extract the global
shape from the degree-2 coefficients (long wavelengths). The spherical harmonic decompo-
sition is fitted to the DTM and computed until degree-14 for most satellites to obtain accurate
low-degree harmonics, representing the shape underneath the cratered surface. The values
of the semi-major axes ratio determined by this method are shown in Fig. 2. Among the ring
moons only Epimetheus comes closer to the Roche ellipsoid curve. The ring satellites Pan-
dora, Pan, Janus and the small bodies Telesto and Helene are closer to the so-called “Omega
sequence” line defined by Dobrovolskis (2019). This curve represents the special case when
the rotational velocity above which the force is repulsive at the ends of the a-axis (£2p) is
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equal to the rotation velocity for which the gravity potential along the meridian x = 0 (pass-
ing through the b and c axes) is constant and maximum (£2;.). Thus, if the satellite rotates
at this rotation velocity 29 = 2., any cohesionless material on the surface would accu-
mulate at the ends of the a-axis (being potential minima) and the repulsive force will eject
the material. In this configuration cohesionless regolith should be removed from the sur-
face, however such scenarios would require a fast rotating body (at 2y = €2;.) with rotation
period of about 1 to 2 hours that is 20 to 60 times faster than the present rotational rate.

Some bodies appear to be more flattened (ratio ¢/b < 0.8) and/or more elongated (ratio
b/a < 0.8) than the Roche ellipsoid configuration or the Omega sequence. Such variety of
shapes provide some clues on the formation scenarios of these objects and is the result of
possibly different histories (see also Sect. 5). Atlas, Daphnis, and Pan present equatorial
ridges, which may have resulted from either the deposition of ring material on an initial
object (Charnoz et al. 2007; Quillen et al. 2021) or from low-velocity collisions (Leleu et al.
2018), while the shape of elongated bodies such as Prometheus and Calypso might be more
consistent with the latter mechanism.

Many of these satellites have distinctive geologic structures illustrating unique histories
not yet included in any global scenario of satellite formation. Here we detail six of these
features, based on studies by Porco et al. (2007), Thomas (2010), Thomas et al. (2013),
Thomas and Helfenstein (2020) and Rambaux et al. (2022).

(i) The aforementioned equatorial ridges of Atlas, Pan and Daphnis. Such features are few
kilometers above a presumed crestless body for Atlas and Pan, and tens of meters for
Daphnis. The latitudinal spread of these bands is around +20° for Atlas, +15° for Pan,
while Daphnis is characterized by two small off-center equatorial ridges centered at 2°
S and 22° N (see Fig. 10 of Thomas and Helfenstein (2020) and Fig. 3 of Buratti et al.
(2019)). It has been noted that these equatorial ridges have a polygonal longitudinal
structure, as illustrated in the silhouettes shown in Fig. 5 of Thomas and Helfenstein
(2020) or in the spherical harmonic mappings in the Appendix of Rambaux et al. (2022)
(Figs. A.1 and A.7).

(ii) Spherical harmonic decomposition shows that the satellites Calypso, Pandora, and
Prometheus have pronounced north-south longitudinal bands visible at degree-4 similar
to those of Bennu and Ryugu (Roberts et al. 2021) despite their very different sizes.

(iii) It is noticeable that these three bodies are also quite elongated toward Saturn. The two
satellites Daphnis and Telesto also show signs of elongation.

(iv) Helene and Telesto show large degree-3 spherical harmonics leading to a high-latitude
offset of the topography of +40° and +15° respectively.

(v) Janus and Epimetheus do not show a clear pattern for the high-degree coefficients of
their topography. This behavior could be the result of important processes of surface
craterization as directly visible in the images of these two satellites.

(vi) Finally, several of these satellites show grooves, or long linear depressions in the re-
golith covering their surfaces (Morrison et al. 2009; Thomas and Helfenstein 2020).
The origin of these grooves is not yet well understood and several scenarios have been
proposed such as fracturing of the body below the regolith, secondary impacts, or even
fissures in regolith (e.g. Asphaug 2020). Tidal stresses as for the grooves on Phobos
seems unlikely because the satellites are beyond the synchronous orbit and are thus
moving away from Saturn (Thomas et al. 2018b).
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5 Ring Moon Origins and Evolution

The origin of moons within the ring system is not an easy thing to explain. Indeed forming
icy satellites within the Roche Limit of Saturn for ice, is, by definition, prevented by the tidal
forces from the planet. Accretion of ring material into moonlets is only possible beyond
some distance where the self-gravity of the moonlet exceeds the planet’s tidal force. But
there are many definitions of the Roche Limit, depending on the details of the physics that
is considered (pure gravity, frictional forces, etc.). The general form of the Roche Limit is
given by:

13
R, =kRp (p—p> )

s

where Rp and p, are the planet’s radius and average density, p, is the density of the ring
material and k is a prefactor that depends on the physics that is considered. For the case of
non-porous ice p, >~ 900 kg m~3, but studies of self-gravity wakes in Saturn’s rings suggest
that the ice may be very porous, with an average density of ~ 420 kg m~3 (Porco et al.
2008). For a cohesionless body k = 2.4552 (Chandrasekhar 1969).

Holsapple and Michel (2006) argue that we should consider two different versions of
the Roche Limit. The “Fluid Roche Limit” (FRL) for a cohesionless body is the minimum
distance at which material can accrete from the ring material into a self-gravitating object.
For Saturn’s rings the Fluid Roche Limit is ~ 2.43 Rp 2~ 132,000 km for icy material with a
density of 900 kg m=3, but is much further from the planet for lower density material. Porco
et al. (2007) reports that densities of Saturn’s inner moons are all lower than 900 kg m~>
suggesting that they are all currently orbiting inward of their Fluid Roche Limit. Dermott
et al. (1979) have shown that a satellite evolving inward its Fluid Roche Limit may lose
material from its surface and feed the surrounding system, leading to a complex interplay
between the satellite and the rings, implying also modifications of its shape. If it evolves
inward, at some point it should break into objects small enough for their tensile stress to
counter-balance tides. This is the “Rigid Roche Limit” (RRL, see Holsapple and Michel
20006, for a detailed calculation), that is the distance at which an already-constituted satel-
lite with tensile stress is destroyed by tides. Whereas a body with no material resistance
may be formed or destroyed at the FRL, the RRL may be well inside the FRL for the same
density because (i) the body may have a non-hydrostatic shape, and (ii) internal cohesion
within the satellite (as measured by the friction angle for example) acts against its destruc-
tion. So an already constituted object may survive against tides, inward the region where it
formed, because of internal material resistance. For example a body with the same density
(~ 640 kg m~?) and shape as Janus has a fluid Roche Limit at ~ 151,000 km from Saturn,
but would have a rigid Roche Limit of ~ 108,000 km for an assumed friction angle of 20°
(Holsapple and Michel 2006).

The take-home message is that if ring-moons are only made of water ice with the same
average density as the surrounding ring particles themselves, it does not seem easy that
they could form spontaneously at less than ~ 130,000 km from Saturn for non-porous ice,
and ~ 168,000 km for porous ice. However, once formed they might survive against tidal
disruption down to about ~ 110,000 km.

Gravitational accretion of a swarm of particles in a disk under the tidal forces of the
planet (“tidally modified accretion”) was theorized by Canup and Esposito (1995, 1996).
They study the conditions under which colliding particles may gravitationally stick under
the effect of inelastic collisions. They found two necessary conditions: the final size of the
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body must be less than the Hill sphere of the equivalent mass body, and the final energy
must be negative in the local rotating frame (Eqgs. 28 to 30 in Canup and Esposito 1995).
As a result the closer the bodies to the planet, the more dissipative the collision must be
in order for them to stick. For equal size bodies, if the sum of their radii is larger than
about 70% of their mutual Hill radius, then capture is impossible because the two-bodies
would overflow their mutual Hill sphere. As the Hill Sphere radius is proportional to the
distance to the planet (Ry = a,(m/(3Mp))'/?) where Ry, a;, m and Mp are the Hill radius,
the distance to the planet, the body mass and the planet’s mass respectively), this condition
becomes more and more restrictive closer to the planet. For particles accreting in Saturn’s A
ring, the mass-ratio of two colliding particles must be less than 0.01 to stay gravitationally
bound (Table 1 of Canup and Esposito 1995). As a result, local simulations of accretion in
such a tidally modified environment show that growth is strongly limited: larger bodies can
only grow by accumulating much smaller objects, while small particles are gravitationally
scattered. This results in bi-modal size distribution where “moonlets” co-exist with a swarm
of high-velocity and small particles. However the largest objects have about the same size
as the largest initial particles in the system, since they just accumulate a layer of small
particles. The resulting size of the largest objects is then similar to that of the largest objects
that were put at the start of the simulation. In these conditions it seems very difficult to grow
spontaneously objects as big as Pan or Daphnis from a swarm of cm or meter sized particles.
This may suggest that moonlets in the A ring may be formed by some other process, or that a
big initial seed (or shard) must have been present. Canup and Esposito (1995) assumed that
all particles have the same density, but allowing particles to have different densities (like
porous and dense ice, or silicate-rich material) may offer interesting possibilities.

For these reasons, it has been proposed (Porco et al. 2007; Charnoz et al. 2007) that the
inner ring moons may have formed from material with a density higher than that of typi-
cal ring particles, such as silicate-rich material or dense ice with low porosity (originating,
maybe, from the formation of the rings via tidal destruction of a satellite or a passing object;
Crida et al. 2024, this collection). The favored scenario would be a shard of dense mate-
rial covered with much lower-density ring particles. If a silicate chunk is embedded within
the rings it will accumulate ice-rich small particles up to a limit where the ringmoon’s Hill
sphere is completely filled with material, beyond which material cannot be accreted any-
more. As shown in (Porco et al. 2007) there exists a critical moon density, p. below which
accretion is not possible anymore, p. = M/ (nay®) where M » s the planet’s mass, a, the
satellite’s semi-major axis, and n ~ 0.53 (this factor arises from the volume of the Hill
sphere; Charnoz et al. 2011). As long as the ringmoon density is > p. accretion continues
indefinitely, but it stops when the moon’s mean density is equal to p.. At the distance of Pan,
pe ~ 450 kg m™3, very close to Pan’s estimated density of about 420 kg m~ (Porco et al.
2007). This is why Charnoz et al. (2007) and (Porco et al. 2007) propose that a dense shard
may be embedded in all ringmoons.

In summary, the processes described above suggest that two “formation” mechanisms
may still be active in Saturn’s rings. (i) Any chunks of dense material (or any material
denser than the Roche Critical density, p.) may rapidly capture an icy envelope made of
ring material, and then be viscously transported outward. This scenario may be relevant for
all ring-moons that are — or once were — embedded in the A ring. (ii) The concurrent
process is the spontaneous accretion of icy ring material at or near the Fluid Roche Limit
of Saturn (beyond the A ring, typically) that may form new ring-moons via gravitational
instability. This second process may take place in Saturn’s F ring also, giving birth to a
population of transient moonlets detected inside this ring (Beurle et al. 2010).

In this context, two alternative processes have been proposed to explain the ring moons’
observed shape described in Sect. 4. In the first case, it is the result of the accretional process
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of ring material onto this initial seed (Charnoz et al. 2007; Quillen et al. 2021). In this
scenario, as the body migrates outwards, material from the rings falls onto its equator and
forms the equatorial ridge seen around some moons. In the second case, the shape of the
moon is produced during a low-impact-angle and slow-speed collision between two similar
progenitors (Leleu et al. 2018). Such a process is in agreement with the pyramidal regime
where bodies of similar sizes accrete to form larger bodies (Charnoz et al. 2010; Crida and
Charnoz 2012), and could not only reproduce the ravioli-like shapes but also the highly
elongated shape of Prometheus.

After their formation, the larger objects would have evolved rapidly outwards due to
gravitational torques exerted by the nearby ring material.> Embedded ring-moons, if they
are large enough to open a gap in the rings (like Pan or Daphnis), will evolve according to
the so-called “Type 2” migration scenario (see, e.g. Crida et al. 2010) and remain “locked”
in the rings, simply following the ring’s viscous evolution. This process may be relevant for
moonlets embedded in the A ring, but not for isolated moonlets beyond Atlas. Simulations
of the rings’ viscous evolution show that beyond ~ 120,000 km the rings should spread
outward (neglecting the torques exerted by moons exterior to the rings) (Salmon et al. 2010).

The smallest of the present ring moons, Daphnis and Pan, are securely imprisoned within
their respective gaps, but presumably will emerge from the rings in due course as the A ring
edge moves outwards across the Roche limit for icy bodies and the ring material is converted
into more moonlets (Charnoz et al. 2010; Tajeddine et al. 2017a). These moons may have
accreted relatively recently in the overall history of Saturn’s rings. If the ring moons do not
open a full gap, then their dynamical evolution may be much more complex, and maybe
even stochastic as in the case of “propellers” (see e.g. Tiscareno et al. 2008; Crida et al.
2010; Spahn et al. 2018)).

Once outside the rings, the radial evolution of the ring moons will accelerate due to what
is now a one-sided torque from the rings. Since this torque scales as the square of the satel-
lite’s mass, in a manner analogous to tidal torques between planets and satellites, larger
moons will drift outwards more rapidly than their smaller cousins, leading inevitably to col-
lisions and subsequent mergers into a smaller number of progressively larger objects. This
process naturally leads to a sorting of the resulting objects, with younger, smaller moons
close to the rings and older, larger ones further away, similar to what is observed at Saturn.
Indeed simulations of ring viscous evolution evolution coupled to moonlets formation at the
Fluid Roche Limit show that masses and locations of moons inward of Mimas are repro-
duced, at least qualitatively (Charnoz et al. 2010). The end product is a few larger satellites
such as Janus and Epimetheus.

The time for a moon to move from the edge of the A ring to the distance of the F ring
depends on its mass, but is typically a few 10 s to ~ 100 Myr.

Although the outer edge of the A ring is currently defined by the 7:6 MMR with Janus
(Spitale and Porco 2009; El Moutamid et al. 2016; Nicholson et al. 2018), this presumably
was not always the case and will not be in the distant future, when Janus will have moved
further away from the rings and this particular resonance will no longer coincide with the
FRL for ice.

Tajeddine et al. (2017a) have estimated the tidal and ring torques on the current satellites
and their resulting radial drift rates a, as summarized in Table 3. The ring torque on each
satellite was obtained by summing over the contributions from all of the particular satellite’s
Lindblad resonances that fall within the main rings, combined with the ring surface mass

2Note that for all moons interior to Mimas, the ring torques significantly exceed the torque due to tides raised
in Saturn, at least for Qgaturn > 103; see Table 3 below.
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Table 3 Radial evolution timescales for Saturn’s inner moons due to saturnian tides! and ring torques.
(Adapted from Tajeddine et al. (2017a))

Satellite Aa (km) asaturn (km/Myr) Grings (km/Myr) Torb (Y1) Notes
Pan —3190 0.036 90.1 3.5 x 107 2
Atlas 900 0.047 233 3.9 x 100 3
Prometheus 2610 1.06 274 9.5 x 100 4
Pandora 4940 0.83 44.2 1.10 x 108 4
Janus 14,680 8.0 39.5 3.1x 108 5
Epimetheus 14,680 22 10.8 1.13 x 10° 5
coorbital res. -32 — —4.4 7.3 x 10° 6
Mimas 48,770 46.4 4.7 9.5x 108 7

! Assuming that k»/ Osaturn = 1.59 x 10™%4, or Qsarum = 1600. (Lainey et al. 2012)
2Neglecting shepherding torques from the Encke Gap edges

3Neglecting retarding effects of Prometheus 54:53 resonance

4Neglecting Prometheus/Pandora/F ring interactions and transient Epimetheus resonances
5Neglecting capture into coorbital resonance

SFrom Lissauer et al. (1985), updated to current masses and ring surface density

7Neglecting retarding effects of Tethys 4:2 resonance

densities determined by Tiscareno et al. (2007). They found orbital evolution timescales
Tob = Aa/a, where Aa is the present distance of the moon from the edge of the A ring, that
range from 4 x 10° yr for Atlas to 3 x 10® yr for Janus and ~ 1 Gyr for Epimetheus and
Mimas. The shorter time scales for the inner satellites, despite their smaller masses, reflect
the fact that Aa is much smaller, as well as the larger number of first-order resonances that
fall within the A and B rings.

However, Tajeddine et al. (2017a) note that these evolutionary time scales are uncertain
because (i) the drift rates would have been faster when the satellites were closer to the A
ring, while (ii) the satellites would have been smaller in the past if the present bodies are the
result of mergers, leading to slower drift rates. These calculations update earlier estimates
by Borderies et al. (1984), who assumed higher ring surface mass densities and (probably)
satellite masses corresponding to solid ice, leading generally to faster evolution rates.

Goldreich and Tremaine (1982) first recognized that the orbital expansion of the small-
moons outward and interacting with the A ring is much shorter than the age of the Solar
System (from 20 Myrs to 200 Myrs). They proposed that some resonance with other Saturn
satellites may stabilize their expansion (without identifying them) or that gap-opening within
the A ring may have lowered the ring-torque they experience, and thus increase the timescale
of their orbital expansion.

The orbital history of the ring moons is indeed complicated by the likelihood of capture
into, and possibly escape from, mean motion resonances between various pairs of satellites
during their radial migration (Poulet and Sicardy 2001; Cooper et al. 2015).

Numerical integration of the current orbits of the inner satellites by Cooper et al. (2015)
have identified several examples. In addition to the 54:53 MMR between Atlas and
Prometheus, mentioned in Sect. 2 above, these authors found transient 17:15 MMRs be-
tween Prometheus and Epimetheus and 21:19 MMRs between Pandora and Epimetheus,
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both of which are dependent on the latter’s coorbital phase. Earlier numerical integrations
also showed temporary resonance trapping and orbital ‘chaos’ in the ring-moon system
(Poulet and Sicardy 2001). The existence of such resonances, even temporary ones, means
that the timescales in Table 3 are likely to be lower limits, inasmuch as the resonance will
effectively act to transfer a portion of the ring torque on the small, inner moon to the more
massive, outer moon, in such a way as to maintain a constant ratio of orbital periods.

An interesting special case is the coorbital resonance between Janus and Epimetheus,
the largest ring moons interior to Mimas. Lissauer et al. (1985) studied the effect of ring
torques on this resonance, finding that it is rapidly tightening over time (i.e., the current
48 km separation between the two satellites’ orbits is decreasing). Updating their numerical
values, we find that the age of this resonance is only ~ 7 Myr, and that it will be converted
into a Trojan-style configuration in another 9 Myr.

Also, Lissauer et al. (1984) noted that, for the current orbit of Janus, its strong 2:1 density
wave falls only a few hundred km outwards of the unique ‘flat spot’ in the inner B ring, at
which location Janus would probably have been trapped in the 2:1 MMR with Enceladus.
They suggested that a disruptive collision some 10® or so years ago may have freed Janus
from this resonance.

Although none of the existing ring moons is in resonance with any of the mid-sized
satellites at the present time, Borderies et al. (1984) pointed out that Pandora is only ~
180 km interior to the 3:2 MMR with Mimas, and that it might be expected to be captured
into this resonance in the fairly near future. Such a capture would almost ‘freeze’ the radial
evolution of Pandora, as the resonance will act to transfer the ring torque to the more massive
satellite. But Tajeddine et al. (2017a) find that the outward drift rates of Pandora and the
Mimas 3:2 resonance are almost equal, raising doubts as to whether or not the capture will
ever occur. Mimas, in turn, is in a stable 4:2 MMR with Tethys, which is likely to slow down
its orbital expansion relative to that given in Table 3. For the above reasons, the times given
here should be taken as indicative of the current orbital expansion rates, but not as realistic
estimates of the ages of individual moons.

In conclusion, there are many still open questions concerning the origin and evolution of
the small moons of Saturn. Do they form a long-lived or a transient population? When did
they form? Are they as old as the main ring system or much younger? See also Crida et al.
(2024, this collection) for more discussion.

6 Composition and Regolith Physical Properties

As of writing, the investigation of the physical and compositional properties of the regolith
covering the surface of the ring moons was made possible through the extensive observation
campaigns carried out by remote sensing instruments onboard the Cassini mission, namely
the Imaging Science Subsystem (ISS; Porco et al. 2004), the Visible and Infrared Mapping
Spectrometer (VIMS; Brown et al. 2004), and the Ultraviolet Imaging Spectrograph (UVIS;
Esposito et al. 2004). These experiments characterized the spectrophotometric properties
of the ring moons over a broad wavelength interval, from the far-UV to near-IR (~ 0.1 -
5.1 um).

In this section we provide a summary of the main results from remote sensing observa-
tions of the ring moons, reporting on 1) their photometric properties at visible wavelengths
(Sect. 6.1), 2) UV-VIS-IR spectroscopic investigations (Sect. 6.2), and 3) results of spectral
modeling efforts (Sect. 6.3). The ring moon data are discussed in the broader context of the
spectrophotometric properties of Saturn’s mid-sized icy moons and main rings.
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6.1 Visual Albedos and Photometric Properties

Thus far, there have not been many detailed photometric studies of Saturn’s smaller moons
simply because the available data are rather limited. For example, Cassini was unable to
observe most of these moons at phase angles below 1°, so there is little information about
the magnitude and extent of their opposition surges (Thomas et al. 2018b). Thus the only
small moons with reasonably secure geometric albedos are Janus and Epimetheus, which
are large enough to be observed with Earth-based telescopes such as HST. Interestingly,
Verbiscer et al. (2007) found that these objects have geometric albedos of 0.71 £ 0.02 and
0.73 £ 0.03, respectively, significantly lower than those of the mid-sized satellites Mimas,
Enceladus, Tethys, Dione and Rhea. They attributed this to the fact that the coorbital moons
are in a region that probably has a much lower flux of the E-ring particles that are thought
to coat the surfaces of the mid-sized satellites.

More recently, Thomas et al. (2018b) estimated whole-disk albedos for Saturn’s satel-
lites, including the small moons, at an effective phase angle («) of 10° using extrapola-
tions of the available Cassini photometric data (see Table 2). These numbers are some-
what lower than the geometric albedos (which are evaluated at 0° phase by definition), but
generally follow similar trends with orbital location, confirming the importance of E-ring
flux to the moons’ brightnesses. Generally, among the ring moons, the albedos are high-
est for Prometheus and Pandora, perhaps due to a coating of icy material from the nearby
F ring, somewhat lower for the inner ring moons and the coorbitals, and lowest for the
ring-embedded moons, Aegaeon, Methone and Pallene. These three objects are darker than
expected, suggesting that other processes might be influencing the smallest moons’ surface
brightness.

One limitation with the albedo estimates for the small moons derived by Thomas et al.
(2018b) is that they have rather large error bars. These uncertainties are not primarily due to
errors in the measured brightness of the moons, but instead arise because these moons are
far from spherical and so the apparent brightness of the moon depends not only on its phase
angle but also on the orientation of the moon relative to the observer and the Sun, which is
not accounted for in standard albedo calculations.

To address these issues and provide tighter constraints on the moons’ light-scattering
properties, Hedman et al. (2020) used a technique that accounts for the varying lighting
geometry across each moon’s surface. Specifically, they estimated a phase-dependent ratio
of the moon’s observed brightness at a wavelength of 650 nm to its predicted brightness,
assuming that its shape is a perfect ellipsoid and that its surface follows a perfect Lambertian
or Minnaert scattering law. This ratio is referred to as the “brightness coefficient”, and below
we provide a brief description of how it is derived. The observed brightness can expressed
in terms of the effective area of the target A,/s,’ given by

Aeff:ZZI/Fx,yQpixelD2 2
x oy

where I/F, , is the measured radiance factor of the pixel x, y in the target image, £2p;.e
is the solid angle subdued by the pixel, and D is the distance from the target. Assum-
ing that the surface reflectance R follows a Minnaert scattering law, this is given by
R = B(cosi)*(cose)' ™ (notice that k = 1 reduces to the Lambertian case), where B is

3This is the equivalent area of a target with I/F = 1 required to provide the observed brightness
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the “brightness coefficient” (a phase-depentent factor, constant for each image). Thus, the
predicted brightness can be expressed in terms of the predicted effective area given by

Ap,edzf B(cosi)k(cose)l_k(cose)reszcosAdAdd), 3)
++

where the integral is performed over the portion of the target both illuminated and observed
(++), A and ¢ are latitude and longitude on the object, and 7., effective radius. For an
ellipsoidal object with dimensions a, b, and c, the effective radius is given by

172

rep = [b*c? cos® hcos® ¢ 4 a’c? cos” Asin® ¢ + a’b” sin” p | 4)
Then, B can be straightforwardly derived by equating A.sy and A ,.q, providing:
A,

B= ,
[, (cosiyk(cose)!~*(cose)r,, 5 cos hdrde

where A.s; is obtained from observations and the denominator can be computed numer-
ically. As anticipated above, the“brightness coefficient” is a function of the phase angle
(through A.fr), and as such it does not equal the moon’s classical geometric or Bond albedo.
Nonetheless, trends in the brightness coefficients across Saturn’s larger moons match the
trends in their geometric albedos, making it a useful parameter for comparing how effi-
ciently the surfaces of different moons scatter light. Furthermore, the scatter in this quantity
among images taken at similar phase angles is much smaller than that of the classical geo-
metric albedo.

Figure 3 shows the brightness coefficients at a phase angle of 30° for all of Saturn’s
moons interior to Titan (see also Table 2 for small moons’ values). The larger moons (Mi-
mas, Enceladus, Tethys, Dione, Rhea) show the trend of brightening with increasing E-ring
flux previously observed by Verbiscer et al. (2007) and Pang et al. (1984). Furthermore,
Janus, Epimetheus, Mimas, Tethys, Dione and Rhea all show longitudinal brightness vari-
ations consistent with the expected asymmetries in the E ring flux. Note that the E-ring
extends across the orbits of all these moons, primarily because the E-ring particles have a
wide range of eccentricities while most have semi-major axes not far from that of Ence-
ladus’ orbit. This means that most of the E-ring particles encountering Janus, Epimetheus
and Mimas are near their orbital pericenters, so they are moving faster than the moons and
primarily strike their trailing sides. By contrast, the E-ring particles striking Tethys, Dione
and Rhea are primarily near their orbital apocenters and so are moving slower than the
moons, leading to a particle flux that is greater on the moon’s leading sides. It turns out that
Janus, Epimetheus and Mimas all have brighter trailing sides, while Tethys, Dione and Rhea
are all brighter on their leading sides, consistent with the basic idea that impacting E ring
particles brighten the surfaces of Saturn’s moons.

However, the smaller moons show several interesting deviations from the trends observed
in the larger moons, indicating that other processes are also influencing the surfaces of these
moons. First of all, the smallest moons Aegaeon, Methone and Pallene are all much darker
than one would predict based on the observed trend from Janus/Epimetheus to Mimas and
Enceladus. All three of these moons reside within the inner flank of the E ring, which clearly
influences the brightness of the larger moons. Currently, the most likely explanation for the
low surface brightness of these tiny moons is that they are all exposed to much larger fluxes
of high-energy charged particles, which are observed to be concentrated in regions between
the rings and the orbits of the larger moons (Hedman et al. 2020).
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Fig. 3 Radial profiles of the brightness coefficients and GRN/UV3 and IR3/GRN color ratios of Saturn’s
icy moons, compared to the modeled flux of E-ring particles into the moons and the measured relative flux
of high energy protons and electrons from the Cassini’s Low-Energy Magnetospheric Measurement System
(LEMMS) instrument (Krimigis et al. 2004). Diamonds, triangles, and asteriks refer to average, leading side,
and trailing side values, respectively. The largest moons (Epimetheus, Janus, Mimas, Enceladus, Tethys,
Dione, and Rhea) are indicated with larger symbols. Daphnis is not included in this plot because its signal
was difficult to isolate from nearby ring material in the available low-phase images. Anthe is not included in
the top panel because there were no suitable images of this moon at phase angles around 30°. Figure adapted
from Hedman et al. (2020)

By contrast, several other small moons appear to be brighter than one would expect.
Most dramatically, Calypso is much brighter than either Tethys or Telesto, while Helene is
brighter than Dione or Polydeuces. Again, this suggests that something besides the local
flux of E-ring particles is influencing the brightness of these particular bodies, although we
note that Thomas et al. (2018b) report slight different albedo trend for these last objects. It
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is also worth noting that Prometheus and Pandora are brighter than any of the other inner
moons (Pan, Atlas, Janus and Epimetheus). Since Prometheus and Pandora both orbit close
to Saturn’s F ring, this suggests that material from the water-ice rich F ring may be able to
brighten both of these moons (Hedman et al. 2020).

Although the discussion above is based on the investigation of the brightness coefficient
of the ring moons computed at a phase angle of 30°, future studies might benefit from
replicating the exercise of Hedman et al. (2020) at a phase angle of ~ 55°. The full-disk
brightness from a spherical object can be expressed as

As P ()

1=J )
4

(©)

where is the solar irradiance at the target heliocentric distance, « is the phase angle and
P(w) is full-disk phase function. It can be easily shown that, for a spherical object

A,P@)  B@P.(@)

4 4 M

where Py («) is the full-disk phase function of a sphere whose surface follows a lambertian
scattering law. Also, it is found empirically that typical full-disk phase functions of spherical
objects intersect at ~ 55° (Cuzzi et al. 2017), thus P(55°) ~ P;(55°). This implies, from
Eq. (7), that the brightness coefficient at 55° provides a good estimate of the target Bond
albedo B(55°) ~ Aj;, allowing us to compare systematically the intrinsic albedo properties
of the different targets, independently from their particular scattering behavior.* We note
that the above discussion is strictly valid for spherical objects, yet the described approach
appears desirable also for the more or less irregular ring moons.

6.2 Colors and UV-VIS-IR Spectral Properties

Given the small size of the ring moons, and the resulting low signal levels, the VIMS ex-
periment was only able to collect VIS-IR spectroscopic data for the brighter ones, namely
Pan, Daphnis, Atlas, Prometheus, Pandora, Janus, Epimetheus, and Methone (Buratti et al.
2010; Filacchione et al. 2010, 2012, 2013; Buratti et al. 2019). The average spectra of these
moons are shown in Fig. 4 and show definite similarities with the spectra of Saturn’s main
rings and the inner mid-sized moons. They are characterized by prominent water ice ab-
sorption features at 1.5, 2.0, and ~ 3 um and a significant reflectance downturn shortward
of ~ 0.55 um.’> The latter has been interpreted as resulting from contamination by UV-
absorbing chromophores generally thought to be organic in nature (Ciarniello et al. 2011;
Filacchione et al. 2013; Cuzzi et al. 2018b; Ciarniello et al. 2019, and Sect. 6.3), but for
the C ring and several outer satellites an iron-rich composition has been suggested instead
(Clark et al. 2012).

4There is some precedent for this approach. Normalized phase functions of plausible shapes tend to pass
through a node in the vicinity of 50° phase angle (the so-called ‘Russell’s Law’ of vintage planetary science
lore). Thus the observed brightness of the object at this phase angle, which is the product of the (constant)
spherical albedo and the normalized phase function, is nearly phase-function-independent. In this sense the
relative values of the brightness coefficients are good proxies for the relative albedos of the objects. For more
information see Veverka (1971). The shape of the phase function itself probably contains information as to
the effects of shadowing due to surface roughness (Hapke 2012; Cuzzi et al. 2017).

5For Daphnis (where the VIS part of the spectrum is missing) and Methone (spectrum very noisy at visible
wavelengths), the UV downturn cannot be characterized with VIMS data. Nonetheless, ISS multi-spectral
observations of Methone indicate significant UV absorption for this target (Hedman et al. 2020).
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Fig. 4 Average full-disk reflectance spectra of the ring moons, as computed from available VIMS data
(dashed lines indicate instrument order sorting filters junctions). See Filacchione et al. (2010, 2012) for data
processing details. Before averaging, each full-disk spectrum from a given observation of the selected target
has been corrected to a reference phase angle of 50° (see Appendix A), in order to minimize spectral vari-
ability induced by varying observation geometry (Ciarniello et al. 2011; Filacchione et al. 2022). Methone
reflectance at visible wavelengths is from ISS observations in different filters interpolated at 57.7° phase
angle, and further corrected to 50° phase angle. The corresponding IR part of the spectrum, from VIMS
observations, has been arbitrarily scaled around a putative water ice absorption at 1.05 um (dotted line), so
that the reflectance at 1.098 um (right shoulder of the band) matches the interpolated value at 0.981 um (left
shoulder of the band)

Additional features, detectable for selected moons, are the 3.1 um Fresnel peak of water
ice seen on Janus and possibly Methone, and the faint 1.25 um water ice absorption seen
on Atlas, Pan, Prometheus and possibly also Pandora and Methone. Apart from water ice,
no evidence of other volatiles is seen, including CO, with its diagnostic feature at 4.26 um
(e.g., Chaban et al. 2007), although this falls in a rather noisy spectral region (Buratti et al.
2019).

Interestingly, Pan, Daphnis, and Atlas (orbiting within and in close proximity to the A
ring, respectively), appear to group separately in terms of spectral shape from the coor-
bital Janus and Epimetheus (orbiting at larger heliocentric distances between the F ring and
Mimas), with the former being characterized by larger UV absorption and water ice band
depths, and a smaller NIR spectral slope, suggesting a link with radial distance. Given this,
one might expect that Prometheus and Pandora, orbiting just inside and outside the F ring,
might share similar spectral shapes. However this is not the case, with Prometheus’ spectrum
being relatively similar to Atlas’ and Pan’s, while Pandora displays a distinctively smaller
UV absorption.

This is better appreciated by comparing spectral indicators across the different ring
moons, which we put here in a broader context with Saturn’s main rings and mid-sized
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inner moons (plus their Lagrangian satellites). The suite of VIMS spectral indicators we
consider are (see Filacchione et al. 2010, 2012, 2013, for further details):

o the spectral slope of the target’s full-disk I/F spectrum normalized at 0.55 um, from a
linear best-fit in the 0.35-0.55 um range: referred to as the UV-VIS slope;

o the spectral slope of the target spectrum normalized at 0.55 um, from a linear best-fit in
the 0.55-0.95 um range: referred to as the VIS-NIR slope;

o the band depth of the 1.5- um water ice absorption: BD 5 m;

o the band depth of the 2- um water ice absorption: BD» .

The UV-VIS and VIS-NIR slopes are proxies for the level of contaminants and chro-
mophores mixed with the water ice (Clark et al. 2012; Ciarniello et al. 2021), while the
BDi 5um and BD; ,,, are sensitive to both the water ice grain size (Clark and Lucey 1984,
Stephan et al. 2021) and the level of contaminants (Ciarniello et al. 2021). Furthermore,
we integrate this information with indicators derived from ISS observations of Saturn’s icy
moons, namely the brightness coefficient at 650 nm (Hedman et al. 2020, and Sect. 6.1), a
proxy for the amount of dark contaminants mixed with water ice, and the GRN/UV3 and
IR3/GRN color filter ratios, analogues of the UV-VIS and VIS-NIR slopes from VIMS.
These brightness ratios are derived from sets of calibrated images obtained through the rele-
vant filters at nearly the same time and viewing geometry. We simply compute the integrated
brightness of the moon (I/F) for each image in the set, and plot the ratios of the appropriate
integrated brightness estimates. Scatter plots from different combinations of VIMS and ISS
spectral indicators are shown in Figs. 5 and 6.

The BD; 5m vs. BD, . scatter plot (Fig. 5) shows that the water ice band depths of both
main rings and inner moons are strongly correlated, with the corresponding values aligning
along two partially overlapping diagonal branches, extending from small to high values of
the two indicators. This is consistent with differences in water ice grain size and/or amount
of contaminants (darkening materials) among the different targets, as these properties affect
the BD 5 ym and BD, , in a similar way. Along the icy moon branch, the ring moons (except
Methone) populate the extremal positions, with Pan and Prometheus displaying the deepest
water ice absorptions, and Janus and Epimetheus the lowest. The mid-sized icy moons and
the lagrangian satellites populate the part of the branch at intermediate values. Along the
main ring branch, the lowest values are registered for the C ring, falling below Janus and
Epimetheus, while the largest band depths occur in the A and B rings, similar to Pan and
Prometheus. In order to discern whether the BD 5y, - BD; yy correlation is primarily driven
by a variation of 1) the regolith grain size or of 2) the amount of darkening contaminants
among the different targets, we can take into account also their albedo.

This is addressed in the brightness coefficient (B) vs. BD; .y scatter plot (Fig. 6). Here,
the mid-sized icy moons with the Lagrangian satellites and the ring moons tend to distribute
along two separate branches, where B and BD, , are positively correlated. This would be
consistent with variations primarily due to the amount of contaminants, whose increasing
abundance simultaneously reduces the 2- um band depth and the brightness coefficient along
the two branches.® In this respect, the ring moons, being on average darker than the mid-
sized icy moons and Lagrangian satellites, are likely to host larger amounts of contaminants

SNotice that a simultancous reduction of the 2- um band depth and visible reflectance can be also consistent
with the effect of increasing grain size, in the case of coarse water ice regolith. This would require grains
larger than a few hundreds of microns (Stephan et al. 2021), for which the 2- um band starts saturating.
However, the typical estimated water ice grain sizes of Saturn’s icy moons and main rings are generally
(much) smaller (Cuzzi et al. 2009; Bradley et al. 2010; Ciarniello et al. 2011; Filacchione et al. 2012; Clark
et al. 2012; Bradley et al. 2013; Cuzzi et al. 2018b).
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Fig.5 Scatter plots of available VIMS spectral indicators for Saturn’s ring moons (red symbols and pink for
Methone), mid-sized icy moons with Lagrangian satellites (blue), and main rings (dots). Main ring spectral
indicators are from a ring radial spectrogram7 with 200-km resolution, built from the VIMS’ radial mosaic
observation sequence S36-SUBMLOO01 acquired on 19 December 2007 (Filacchione et al. 2014). Spectral
indicators of the moons are computed from VIMS full-disk reflectance data after photometric correction to
50° phase angle; a similar photometric correction has been applied also to main ring data (See Appendix A).
UV-VIS and VIS-NIR slopes for Methone are from ISS data (see Fig. 4). Abbreviations: Pan (PA), Daphnis
(DA), Atlas (AT), Prometheus (PR), Pandora (PN), Epimetheus (EP), Janus (JA), Mimas (MI), Methone
(ME), Enceladus (EN), Tethys (TE), Telesto (TL), Calypso (CA), Dione (DI), Helene (HE), Polydeuces
(PO)®, and Rhea (RH)

on their surfaces. The existence of two branches, with the E-ring moons having a smaller
band depth than ring moons with similar brightness coefficient, might also indicate that
the former have a smaller characteristic regolith grain size, consistent with accumulation
on their surfaces of fine water ice particles from the E ring. A similar argument, based on
differences in the abundance of darkening contaminant(s), can be applied also for the main
rings, where the A and B rings, intrinsically brighter than the C ring (Cuzzi et al. 2018b;
Ciarniello et al. 2019), display larger water ice band depths.

In the UV-VIS slope vs. BD; n scatter plot (Fig. 5), the different targets tend to globally
align along a relatively broad diagonal distribution, with larger band depths corresponding
to larger slopes. Nonetheless, different classes of object tends to cluster separately. The main
rings populate a diagonal branch shifted to higher spectral slopes with respect to the inner

7Radial spectrograms are bi-dimensional arrays reporting the spectrum of the rings at different radial dis-
tances, sampled along a regular grid (Filacchione et al. 2012). The spectrum at a given position of the grid is
obtained by averaging spectra of pixels falling in a given radial distance bin, acquired during a given VIMS
radial mosaic observation.

8For Polydeuces only one VIMS IR sub-pixel observation was available at a relatively large phase angle of
120°, for which no photometric corrections has been applied.
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Fig. 6 Scatter plots of available VIMS and ISS spectral indicators for Saturn’s ring moons (red symbols
and pink for the ring-embedded moons Aegaecon, Methone, and Pallene) and mid-sized icy moons with La-
grangian satellites (blue) . The brightness coefficient is derived from ISS clear filter observations (650 nm)
reported at 30° phase angle, while color ratios are computed at 50°. The UV-VIS slope and BD; yp, are from
VIMS full-disk reflectance observations after photometric correction to 50° phase angle (See Appendix A).
The UV-VIS slope for Methone is from ISS data (see Fig. 4). Abbreviations: Pan (PA), Daphnis (DA), Atlas
(AT), Prometheus (PR), Pandora (PN), Epimetheus (EP), Janus (JA), Mimas (MI), Aegaeon (AE), Methone
(ME), Pallene (PA), Enceladus (EN), Tethys (TE), Telesto (TL), Calypso (CA), Dione (DI), Helene (HE),
Polydeuces (PO), and Rhea (RH)

moons, with the A and B rings having the largest slopes and band depths. The ring moons
(except Methone) span a similar region of the scatter-plot, but shifted at slightly smaller UV-
VIS slope values for similar BD; ,,. As such, they appear as a transition population between
the main rings and the inner mid-sized moons plus their Lagrangian satellites, which, with
the exception of Rhea and Dione, and including Methone, are located in a portion of the
scatter plot at even smaller spectral slope. The overall positive correlation of the UV-VIS
slope and BD; , for the main rings and ring moons would support the idea that the contam-
inant(s) providing the UV absorption for these targets is likely embedded in the water ice
grains (Nicholson et al. 2008; Ciarniello et al. 2011; Hedman et al. 2013; Cuzzi et al. 2018b;
Ciarniello et al. 2019). The UV-absorber would be different from the broad-band absorber
which reduces the overall albedo and spectral contrast (see above).

This interpretation would be consistent with the distributions of the ring moons (exclud-
ing the ring-embedded moons) in the B vs GRN/UV3 scatter plot (Fig. 6), aligning along
a branch over which the two indicators are positively correlated. This simple paradigm,
however, might not apply to the E-ring moons, which do not display a clear correlation be-
tween the UV-VIS slope and BD; ,,, and are aligned along a different branch in the B vs
GRN/UV3 plot, where these quantities are roughly anti-correlated. Notice that similar con-
siderations are also supported from the B vs UV-VIS slope scatter plot (Fig. 6), consistent
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with the B vs GRN/UV3 plot, as expected. This also appears in agreement with UVIS data
(Buratti et al. 2019) of Epimetheus; Epimetheus was the only of the small satellites with
adequate-enough signal-to-noise for UVIS to determine a reflectance value at 185 nm. This
value is compared with the Epimetheus spectrum from VIMS and similar UVIS-ISS-VIMS
and Hubble Space Telescope (HST) composite spectra for the mid-sized moons (Fig. 7)
to demonstrate that Epimetheus, while having a lower albedo than most of the mid-sized
moons at visible wavelengths, also displays a shallower UV absorption in the 300-400 nm
region. This is a different trend than seen among the mid-sized moons, where lower albedo
surfaces are correlated with a deeper UV absorption (Hendrix et al. 2018).

Ring moons (except Methone) separate the E-ring moons and main rings also in the UV-
VIS slope vs. VIS-NIR slope scatter plot. The main rings distribute roughly along a diagonal
branch where the VIS-NIR slope and UV-VIS slope are anticorrelated, and which is broadly
aligned with a similar ring moon branch, although shifted at both smaller VIS-NIR slope
and UV-VIS slope values. Instead, the E-ring moons, align along a diagonal branch where
the VIS-NIR slope and UV-VIS slope are positively correlated, orthogonal to the ring moon
and main ring distributions. This would be consistent with a single contaminant providing
both the UV absorption and VIS-NIR coloring on the moons populating the E ring, while, as
suggested above, for the ring moons and main rings two separate contaminants, a UV and a
broad band absorber, can be envisaged (Cuzzi and Estrada 1998; Hedman et al. 2013; Cuzzi
et al. 2018b; Ciarniello et al. 2019).

A similar grouping of the different targets, as in the VIS-NIR slope vs. UV-VIS slope and
UV-VIS slope vs. BD, ,, cases, can be observed in the VIS-NIR slope vs. BD, ,y scatter
plot (Fig. 5). The main rings and ring moons (except Methone) populate roughly parallel
branches where VIS-NIR slope vs. BD; , are anticorrelated, with the ring moons shifted
at slightly smaller values of VIS-NIR slope. This population separates the main rings from
the E-ring moons, which tend to cluster at smaller VIS-NIR slope and BD; ,, values. For
the main rings and ring moons (except Methone), this would be consistent with the effect of
a broad-band absorber mixed with water ice, simultaneously reducing the spectral contrast
of the water ice aborption features and reddening the otherwise neutral-to-blue VIS-NIR
spectrum. This is also consistent with Fig. 6, where for the inner ring moons B increases
at decreasing IR3/GRN. A similar trend is also observed for the largest E-ring moons, and
roughly for the ring-embedded moons.

6.3 Clues from Spectral Modeling of the Rings and Mid-Sized Icy Moons

Extensive spectral modeling efforts of the UV-VIS-IR observations of the main rings (Cuzzi
and Estrada 1998; Poulet et al. 2003; Bradley et al. 2010; Hedman et al. 2013; Cuzzi et al.
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2018b; Ciarniello et al. 2019) and the mid-size icy moons (Ciarniello et al. 2011; Clark et al.
2012; Filacchione et al. 2012) have been made using regolith radiative transfer theories de-
veloped by Shkuratov et al. (1999, 2005, 2012) and Hapke (2012). The goal has been to
test compositional paradigms for the surfaces of these targets, primarily to characterize the
nature and amount of contaminants mixed with the water ice. For the ring moons, a similar
approach has been attempted so far only for VIMS data on Epimetheus by Buratti et al.
(2010), which suggested that its VIS-IR spectrum can be modeled with an intimate mixture
of water ice and ~ 5% of Triton tholin,’ the latter being responsible for the UV absorption
and the reddish VIS-NIR spectral slope (Khare et al. 1994). Small amounts (<1%) of Titan
tholins (Imanaka et al. 2004, 2012; West et al. 2014) have been invoked in spectral modeling
of the main rings as a UV absorber embedded in water ice grains (known as an intramix-
ture), along with an additional contaminant to provide broad-band absorption, either in pure
form (e.g. carbon, silicates), or embedded in water ice (carbon, silicates, iron-rich phases)
(see Hedman et al. 2013; Cuzzi et al. 2018b; Ciarniello et al. 2019; Miller et al. 2024, this
collection).

Simulations fitting the main ring spectra require increasing amounts of a broad-band
absorber moving from the intrinsically brighter A and B rings to the darker C ring and
Cassini Division (Cuzzi et al. 2018b; Ciarniello et al. 2019). This simultaneously reduces
the overall albedo, mutes the spectral contrast of the water ice bands and UV absorption, and
reddens the spectrum at VIS-NIR wavelengths. This is consistent with the trends of Fig. 5,
where, for the main rings, the UV-VIS slope is (i) larger for the A and B rings than for the
C ring and Cassini Division; (ii) increases with BD, ,,; and (iii) decreases with increasing
VIS-NIR slope.

The ring moons display spectral shapes similar to the main rings and are distributed in
the spectral indicator scatter plots along branches roughly parallel to those of the rings.
Furthermore, the albedo of the ring moons is correlated with UV-VIS slope and BD, ,, and
anticorrelated with VIS-NIR slope (Fig. 6). This suggests that the ring moons share a similar
surface composition with the main rings, and that the abundance of the broad-band absorber
is a driver of the observed spectral variability, affecting ring moons and main rings in a sim-
ilar way. In this respect, increasing amounts of such a spectrally bland contaminant, which
would determine the spectral transition from the bright and reddish (in the UV-VIS region)
A and B rings to the dark and less-red C ring (Cuzzi et al. 2018b), might also explain the
spectral differences in moving from the inner ring moons (Pan, Daphnis, Atlas, Prometheus
and Pandora) towards the co-orbital moons (Janus and Epimetheus).

Spectral models based on water-ice grains containing small (<0.4%) amounts of tholin
(to provide the UV absorption), intimately mixed with a variable fraction of amorphous
carbon (acting as a broad-band absorber), have been employed to fit the UV-NIR spectra of
the mid-sized icy moons orbiting within the E-ring, Mimas, Enceladus, Tethys, Dione, Rhea
(Ciarniello et al. 2011; Filacchione et al. 2012). However, the observed positive correlation
of the UV-VIS slope and VIS-NIR slope slopes, both inversely correlated with the brightness
coefficient B, cannot be explained solely in terms of variations in the abundance of a broad-
band absorber. This likely points to a role of nearly pure water ice grains from the E ring
(Hendrix et al. 2018; Hedman et al. 2020), limiting the usefulness of a comparison between
the ring moons and icy satellites embedded in the E-ring.

An alternative compositional paradigm suggested by Clark et al. (2012) posits that the
spectral signatures of the darkening materials in the Saturn system are dominated by iron-
rich compounds (nano-phase iron and nano-phase iron oxide). Spectral models including

9Tholins are a wide class of macro-molecular organic compounds obtained from irradiation of simple carbon-
bearing materials such as CHy4, CpHg, in presence of Ny or H,O (Khare et al. 1984; McDonald et al. 1994).
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complex mixtures of variable amounts of these materials, water ice, and CO, provide good
fits to the different terrains on lapetus (bright, intermediate, and dark), Phoebe, Hyperion
(dark and bright materials), Dione and the F ring. Clark et al. (2012) point out the similarity
between the spectrum of lapetus’s bright material with the Cassini Division and C ring, and
that of Hyperion with Epimetheus.

This might suggest that iron-rich compounds could also explain the VIS-NIR spectral
variability among the main rings and ring moons. However, from a quantitative perspective,
the A and B rings and the inner ring moons out to Prometheus are much redder (i.e., display
a larger UV absorption; Filacchione et al. 2012) and brighter than are the Iapetus (Blackburn
etal. 2011) and Hyperion (Thomas et al. 2007) bright materials (the reddest among the ones
modeled in Clark et al. 2012). Thus it remains an open question whether models including
iron-rich contaminants as darkening and UV-absorbing materials would be able to match the
spectral properties of these targets.

Ongoing work (Hendrix et al. 2022) to simulate the UV-visible spectrum of the dark lead-
ing hemisphere of Iapetus shows that spectral models including carbon-rich tholins appear
to better match the spectral shape of lapetus, compared with models that consider irons only
(with no tholins). This suggests that the tholin-based compositional paradigm might have
the potential to explain the entire range of spectral variability from the brighter/redder to
darker/less red rings and ringmoons.

A quantitative comparison between the physical and compositional properties of rings
and ring moons would require conducting a systematic effort of regolith radiative transfer
(RRT) modeling on available spectral observations of the latter. Ring moon RRT models
would face similar difficulties as those encountered in ring modeling which we briefly ad-
dress here (see a complete discussion of spectral modeling caveats in Sect. 4.1 of Miller
et al. 2024, this collection). In this respect, whereas the mixing modality of the UV ab-
sorber, and tholin in particular, as emebedded in water ice grains (intramixture) appears as a
fairly consistent result from ring models (Poulet et al. 2003; Cuzzi et al. 2018b; Ciarniello
et al. 2019), this is not the same for the neutral absorber. Recent ring models of Cuzzi et al.
(2018b) and Ciarniello et al. (2019) provide reasonable fits of the UV-VIS spectral proper-
ties of the main rings, by including the neutral absorbers using different mixing modalities,
that is as embedded in water ice grains or in a “salt-and-pepper” fashion (intimate mix-
ture). Intramixtures with water ice maximize the absorbing power of the non-icy materials,
making it proportional to their mass fraction, and typically requiring smaller abundances
of contaminants with respect to intimate mixtures. Furthermore, pure grains of highly ab-
sorbing materials, as neutral absorbers in intimate mixtures, might turn completely opaque
if larger than a given grain size, thus suppressing any grain-size dependency on the corre-
sponding spectral properties. In this regime, the absorbing power becomes proportional to
the total cross-section of the contaminant, implying that larger grains have the same dark-
ening power (same total cross-section) of smaller ones, but with larger total mass fraction.
All this implies that the inferred fraction of contaminants from spectral modeling strongly
depends on the chosen mixing modality. An additional complication is represented by the
shadowing induced by macroscopic surface roughness, both affecting ring particles and ring
moons. Rougher surfaces would have larger contributions from shadows, thus reducing the
total amount of scattered light. This is reflected in a reduction of the surface Bond albedo
of the ring particles and ring moons (Cuzzi et al. 2017, 2018b), which, if not accounted
for, can be erroneously interpreted in terms of larger abundances of non-icy contaminants
when RRT is performed. Such aspects become particularly relevant if the absolute values
of the inferred amounts of non-icy materials are used to constrain the effectiveness of con-
tamination processes among these. For example, following these arguments and adopting
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Fig.8 Infrared spectra of the L L L L L L B
F-ring equivalent width at phase
angles 178.04°, 162.9°, and 19°
from VIMS observations. The 300 |-
equivalent width is computed as
the radial integral of the ring
brightness. The spectra at lower
phase angles clearly display the
1.5-, 2- and 3- wm water ice
bands. The high phase angle
spectrum (178.04°) shows the
Christiansen feature at 2.8 um.
The spectra at 178.04° and 9°
have been scaled down by a
factor of 9 and 30, respectively. ro,7
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an intra-particle mixing paradigm as in recent RRT modeling of the main rings, we might
expect that the only available estimation of the tholin fraction for a ring moon (Epimetheus;
Buratti et al. 2010) might be revised towards smaller abundances, possibly closer to main
ring values.

7 Composition of the F-Ring and G-Ring

Outside of the main rings are a variety of dusty rings, the three most prominent being the
F, G and E rings. At the moment, we have the most compositional information about the
E ring thanks to the extensive data obtained by Cassini’s Cosmic Dust Analyzer (Srama
et al. 2004), which directly sampled particles within this ring and Enceladus’ plume. These
data reveal that the majority of particles in the E ring are composed primarily of water ice,
consistent with near-infrared spectral data. However, some of the particles in this ring were
also found to contain organics, salts and silicates (Postberg et al. 2009, 2011; Hsu et al.
2015; Postberg et al. 2018).

By contrast, information about the compositions of the F and G rings is much more
limited because these rings were considered too hazardous for Cassini to fly through and
directly sample. Furthermore, since the visible particles in these rings are extremely small
(around 1-100 microns), their spectral and photometric properties are more sensitive to the
particle size distribution and structure than to composition, because diagnostic absorption
bands are strongly suppressed.

Despite these limitations, the remote sensing data do provide some useful constraints
on the composition of the F ring, which is a relatively bright ring and so multiple high
signal-to-noise visible and near-infrared spectra were obtained by VIMS (Clark et al. 2008;
Vahidinia et al. 2011). Infrared spectra obtained at low to moderate phase angles show all the
standard signatures of water ice (Fig. 8). There is also a decrease in brightness shortwards of
0.5 um that might be due to the same UV absorption seen in the main rings and moons, but
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Fig.9 In situ data from INMS during orbits near the F ring reveal the presence of icy grains. Grey points are
individual datapoints from the four passes, and the overplotted lines show the smoothed data

the interpretation of this feature is complicated by a broad brightness peak centered around
0.5 um ikely due to a relatively high fraction of sub-micron grains (Clark et al. 2012).

Meanwhile, observations at extremely high phase angles(Fig. 8) show a strong dip near
2.8 wm which corresponds to the Christiansen frequency of crystalline water ice (Vahidinia
et al. 2011; Hedman et al. 2011). This spectral feature arises at wavelengths where the real
refractive index of the material approaches 1, which greatly reduces the scattering efficiency
in these geometries. Since only water-ice is known to have a real refractive index near 1 at
these wavelengths, this means that the F-ring particles need to be composed primarily of
crystalline water ice like the rest of the rings.

By contrast, the signal-to-noise ratio of the available Cassini spectra of the G ring is very
low, making even the comparatively strong 3 um water ice absorption band difficult to quan-
tify (although it does appear to be present). Robust constraints on the G ring’s composition
will therefore likely have to await future studies that co-add data from the entire span of the
Cassini mission to obtain sufficiently high signal-to-noise spectra of this ring.

Additional compositional information about the F ring can be obtained from in situ data
collected by the Ion and Neutral Mass Spectrometer (INMS Waite et al. 2004) in the closed
source neutral mode during four orbits that crossed the ring plane outside of the F ring,
shown in Fig. 9. The data are dominated by 2 u and 28 u. Signal at 2 u may be a mixture of
water ion fragments and H, sourced from the main ring atmosphere (Tseng et al. 2011), with
possible contributions from Enceladus (Jurac and Richardson 2007; Cassidy and Johnson
2010). However, the similar distributions for 2 u and 28 u support a common origin such
as icy grains rather than gaseous material, which should show different scaleheights for the
different masses (Perry et al. 2017). While the molecular water peak at 18 u and fragment
peak at 17 u are relatively low, this may be related to the speed of the spacecraft. High
velocity impacts of ice grains have been found to increase the measured 2 u to 18 u ratio,
with titanium vapor produced from the INMS antechamber by the impacts likely scavenging
the resulting oxygen (Walker et al. 2015). The 28 u peak is likely related to CO and/or
oxidation at the filament of organic carbon. Note that data shown in Fig. 9 show counts per
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IP, which are related to environmental density by a mass-dependent ram factor. This ram
factor leads to nearly a factor of four apparent increase for 28 u as compared to 2 u.

The pattern of peak heights with 28 u > 26 u > 27 u may be associated with the presence
of unsaturated organics with an O or N heteroatom. However, multiple different compounds
may contribute to the signal, and no single compound was found to match the pattern. Some
of these compounds also produce mass fragments at 15 and 16 u, and a further subset also
produce fragments at 44 u. Masses associated with atomic H (1 u) and O, (32 u) were not
part of the “closed source neutral” measurement sequence, and it is possible that 16 u may
be associated with O, instead. While 32 u was measured in “open source ion” mode, without
the enhancement from the closed source the signal is below detection limits.

8 Radial Variability of the Spectral Indicators and Exogenic Processes
Affecting Surface Properties

Icy satellites in the Saturn’s system are subject to a series of different exogenic processes
affecting their surfaces, including contamination from ring material in the nearby A, F and
E rings (Hendrix et al. 2018; Buratti et al. 2019; Hedman et al. 2020), the pollution from
meteoritic dust (Cuzzi et al. 2009), and bombardment by charged particles (Roussos et al.
2008; Paranicas et al. 2018; Hedman et al. 2020). Concerning ring moons, these processes
modify the composition of the ring material from which they accreted, to determine their
surface composition and the resulting spectral properties we observe today. The magnitude
of the effects of such exogenic processes on the different objects orbiting Saturn, including
the main rings, depend primarily on the object position, and can be put in relation with radial
spectral/albedo gradients in the system.

In Fig. 10 the spectral indicators from VIMS data (see Sect. 6.2: UV-VIS and VIS-IR
slopes, BD; 5 um, and BD; ) for the main rings and icy moons are reported as a function
of the radial distance from Saturn. This complements, for the icy moons, the information of
Fig. 3 reporting radial trends of the brightness coefficient, GRN/UV3 and IR3/GRN color
ratios from ISS observations, and the relative fluxes of E-ring grains and high energy pro-
tons and electrons. Looking at Fig. 10, it can be noted that VIMS spectral indicators of
the ring moons inside Mimas’ orbit progressively approach A-ring values moving inward
from Janus/Epimetheus to Pan, with an increase of the water ice band depths (BD; 5 ,m and
BD5 ) and UV-VIS slope, and a reduction of the VIS-NIR slope, for which the trend is en-
tirely driven by the particularly high values of Janus and Epimetheus. Such combined varia-
tion of the ring moon spectral indicators would appear consistent with a progressive enrich-
ment with increasing radial distance of a broad-band-absorbing contaminant (see Sect. 6),
resulting in a modification of the A-ring-like spectral properties of Pan/Atlas towards those
of Janus/Epimetheus. It must be mentioned, however, that this picture is not fully consistent
with the observed trend in the brightness coefficients (Fig. 3), with Prometheus and Pandora
displaying the largest albedos among the ring moons. Furthermore, Prometheus sticks out
from the expected radial trend also for what concerns the water ice band depths and the UV-
VIS slope, displaying values larger than expected. This indicates that, at least for Prometheus
and Pandora, an additional driver of the spectral properties should be considered.

Assuming that B and A rings preserve the least altered ring material (see Miller et al.
2024, this collection), and that their spectral properties (including the signature of the UV
absorber, considered intrinsic to the ring system) are shared by the newly formed ring
moons, the overall enrichment with radial distance of a broad-band absorber, can be natu-
rally explained by contamination from bombardment of meteoritic dust (Cuzzi et al. 2009).
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Fig. 10 Radial distribution of spectral indicators (UV-VIS and VIS-NIR slopes, BDj 5 ym, and BD3 ) for
Saturn’s main ring (gray curves) and moons (diamonds) for which VIMS observations are available. Main ring
values are derived from radial spectrograms with a 200-km radial sampling (see also Fig. 5). The respective
radial extent of the different ring regions is indicated by horizontal bars (CD: Cassini Division). For Saturn’s
inner mid-sized moons (Mimas, Enceladus, Tethys, Dione, and Rhea) also leading and trailing hemisphere
values are reported. UV-VIS slope and VIS-NIR slope slopes for Methone are from ISS data (see Fig. 4)

This would be consistent with the observed spectral properties of Janus and Epimetheus,
possibly formed before the other inner ring moons (see Sect. 5), and then exposed for a
longer time to such exogenous contamination. In this respect, it is interesting to note that
their spectral indicators are similar to the C ring, where the contamination from the mete-
oritic flux is thought to be more effective than on the A and B rings (Cuzzi et al. 2018bj;
Ciarniello et al. 2019), because of the smaller optical depth (i. e. surface to mass ratio).
Such similarity is confirmed by ultraviolet-visible composite spectra as shown in Fig. 11,
with Epimetheus having a similar UV-visible spectral shape as the C ring. If so, the C ring
on one side, and Janus/Epimetheus on the other, might represent the most contaminated
endmembers for the main rings and inner ring moons, respectively.

An additional contribution affecting the surface composition of the ring moons inside
Mimas’ orbit and consistent with the observed spectral trends is the contamination from the
nearby A ring particles. This would be more effective for ring moons close to the rings, and
would contrast the effects of the meteoritic flux making the ring moon surface spectrally
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Fig. 11 UV-visible spectrum of mid C ring vs Epimetheus
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more similar to the A ring (Buratti et al. 2019). Ring-related material is also lost by photo-
ionization both into the planet and outwards beyond the rings into the magnetosphere. Photo-
ionized molecules and atoms in the neutral ring atmosphere are accelerated in the magnetic
field, and collide with neutrals of all species; this sends many of these large, but not yet
charged, molecules beyond the edge of the rings at 2-3Rg and off into calmer regions of
the magnetosphere where they may affect the surface properties of the inner moons. The
loss rate is far larger near solstice than near equinox, by this process - a seasonal flow. In
particular, near solstice, the column density of H, due to the rings in the magnetosphere
out to perhaps 12Ry, is only about 3 times smaller than the contribution due to Enceladus
(Tseng et al. 2011; Tseng and Ip 2011) - that is, there is outward as well as inward mixing.
The abundance of O, scattered outwards from the rings is only about an order of magnitude
smaller than that contributed by Enceladus (Tseng et al. 2010, and see Miller et al. 2024,
this collection, for further details). A quantitative treatment of mass exchange and associated
compositional implications for the rings and inner ringmoons remains to be done.

Moving outward from Epimetheus/Janus orbits, along with the meteoritic dust flux, the
two major processes affecting the icy moon surfaces are the contamination from E-ring
grains and the bombardment by charged particles (Hendrix et al. 2018; Hedman et al. 2020).
The effect of the surface accumulation of E-ring icy grains, originating from Enceladus’
plumes, is likely responsible for the observed spectral trends among the mid-sized icy moons
up to Janus and Epimetheus, with spectral slopes and color ratios increasing away from
Enceladus, accompanied by a progressive reduction of the moons’ visual albedo (Verbiscer
et al. 2007; Hendrix et al. 2018; Hedman et al. 2020), in agreement with the decreasing
modeled E-ring particle total flux (Fig. 3). E ring particles preferentially accumulate on the
leading side of moons outside Enceladus’ orbit, and on the trailing side for the inner ones.
This is consistent with the observed visual albedo longitudinal asymmetries discussed in
Sect. 6.1, and appear also in agreement with the distribution of the water ice band depths on
Dione and Rhea, with values larger on their leading sides than on the trailing. The influence
of high-energy particle fluxes on the surfaces of Saturn’s moons is best demonstrated by
the low surface brightnesses of the small moons Aegaeon, Methone and Pallene shown in
Fig. 3. These three moons are all located within the inner flank of the E ring, but are sig-
nificantly darker than one would predict based on the brightness trends observed among the
larger moons Janus, Epimetheus, Mimas and Enceladus. The most likely explanation for the
anomalously low brightnesses of these small moons is that they are exposed to a much higher
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flux of high-energy protons. At suitably high energies, these protons are concentrated in a
series of three belts that lie between the main rings and the orbits of Janus/Epimetheus, Mi-
mas and Enceladus (Roussos et al. 2008; Paranicas et al. 2018). It turns out that those larger
moons are efficient enough sinks for protons that they actually create localized depletions
in the charged particle flux in their vicinity, while the smaller moons Aegaeon, Methone
and Pallene are not such efficient proton sinks and so are exposed to much higher fluxes
of charged particles. Furthermore, the brightnesses of all these moons are reasonably well
correlated with the ratios of charged particle flux to E-ring particle flux experienced by each
moon (Hedman et al. 2020). It is therefore reasonable to conclude that while E-ring particles
can brighten the surfaces of Saturn’s moons, high-energy charged particles like protons can
somehow darken ice-rich surfaces.

At the moment, the physical mechanism by which the charged particles darken these
moon’s ice-rich surfaces is still unclear. In principle, the surfaces could become darker either
due to changes in their chemistry or in the structure of their regoliths, but there are challenges
with either of these interpretations. In particular, Methone has water ice band depths that are
just slightly deeper than Mimas and Enceladus, so there is no indication that the radiation is
causing significant changes in the structure of its regolith. At the same time, Methone has
similar color ratios as Mimas and Enceladus, so there is also not any obvious compositional
difference between these moons. The one potentially interesting spectral trend in this context
are the strongly positive VIS-NIR slopes of Janus, Epimetheus, and Aegaeon. Such strong
positive slopes are unusual for Saturn’s moons, and while Janus/Epimetheus are not exposed
to particularly high fluxes of high-energy protons, both Janus/Epimetheus and Aegaeon are
exposed to high fluxes of moderately high-energy electrons (Roussos et al. 2008; Hedman
et al. 2020).

As a final remark, we note that Hendrix et al. (2018) showed that connections could be
made between the UV-visible spectral shapes of the mid-sized icy moons and the amount of
E-ring grain and charged particle bombardment (namely the corotating plasma) experienced
at the orbital locations of each moons. They suggested that the relatively low albedo of Rhea,
and its relatively strong UV absorption, could be related to organics - emplaced by E-ring
grain bombardment - on the surface, in combination with aging, via plasma bombardment-
related weathering, of those E-ring organics. In this respect, Epimetheus’ low albedo level
and weak UV absorption (both smaller than Rhea’s) do not appear fully consistent with the
trend observed in the mid-sized icy moons (see Sect. 6.2), requiring further investigation.

9 Summary and Final Remarks

The surface composition of the inner ring moons, up to Janus and Epimetheus, as inferred
from the UV-VIS-IR spectroscopic data of remote sensing instrument onboard the Cassini
mission, appears linked to that of the main ring particles from which they accreted. This is
supported by the overall observed spectral similarity between ring and ring moons and the
similar trends of the spectral parameters (see Sect. 6 and Figs. 4 and 5), which suggests a
common compositional paradigm. Nonetheless, the radial variability of the inner ring moon
spectral properties can be also connected to the complex interplay of different exogenous
processes affecting their surfaces. In this respect, the progressive departure from an A-ring
like spectrum, moving from the innermost Pan to the outermost Janus/Epimetheus, can be
interpreted in terms of a reduction with radial distance of the A-ring particle flux on the
ring moon surfaces giving way to pollution from meteoritic dust. As mentioned above in
Sect. 8, the similarity between Janus/Epimetheus surface composition and the C ring might
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be interpreted as a result of a more effective pollution on these targets compared to the other
ring moons and main rings, respectively. However, the occurrence of leading/trailing asym-
metries on Janus and Epimetheus is likely the result of the accumulation of E-ring particle
on these targets, and additional contamination might come from the nearby G-ring, fed by
the low-albedo Aegeon. Also, the flux of energetic electrons is relatively large at Janus and
Epimetheus orbital distance. These sources of exogenous material and the potentially dark-
ening effect of energetic particles are only relevant for Janus and Epimetheus and not for
the C ring. As such, the interpretation of the Janus/Epimetheus vs. C ring spectral similar-
ity may not be straightforward as it would appear. In this respect, it is worth mentioning
that Prometheus and Pandora, the ring moons with the largest albedo, possibly witness the
effects of another source of exogenous material, represented by the accumulation of icy
F-ring particles brightening their surfaces. Yet, Prometheus, being marginally brighter than
Pandora, has significantly larger UV-slope and water ice band depths, which appears difficult
to explain with the sole effect of F-ring grain accumulation. Further insights into the inves-
tigation of the compositional link between the main rings and the inner ring moons and the
(different) exogenous processes affecting their surface spectrophotometric properties could
be provided by complementing the results from the spectral indicator analysis with a sys-
tematic and quantitative comparison of their intrinsic albedos. In this respect, a key quantity
to be compared would be the Bond albedo of the ring particles with that of the ring moons:
this would allow us to overcome the bias encountered when comparing the reflectance of the
main rings (a many-particle-thick layer, but with finite optical depth) with the reflectance of
a ring moon surface (a semi-infinite optical depth medium). The Bond albedo of the main
ring particles is starting to appear in the literature (Cuzzi et al. 2018b; Ciarniello et al. 2019),
even if particle-surface shadowing effects have generally not been accounted for, while for
the ring moons these albedos could be approximated by the brightness coefficient at a phase
angle of ~55°, computed following the approach of Hedman et al. (2020) (Sect. 6.1).

Ring-embedded moons (Aegeon, Methone, Anthe, and Pallene) appear as a separate class
with respect to the rest of the ring moons and as such they would be less spectrally-linked to
the main rings. Although, at the time of writing, there is limited hyperspectral information
for this class of objects (namely only the IR spectrum of Methone), brightness coefficient vs
color ratio scatter plots for Aegeon, Methone, and Pallene (Fig. 6) indicate they cluster sepa-
rately from mid-sized icy moons and ring moons, displaying remarkably lower albedos with
respect to satellites at comparable radial distance from Saturn. This is currently interpreted
as a result of the relatively large fluxes of high-energy charged particles on their surfaces,
dominating over the brightening effect of E-ring particle accumulation.

The comparison of ring moon spectral indicators with those of the midsized icy moons
and their Lagrangian satellites reveal qualitatively different trends (Figs. 5 and 6). Notably,
the UV absorption in ring moons is positively correlated with their surface brightness and
water ice absorption band depths, and inversely correlated with the VIS-IR slope, support-
ing a compositional paradigm including at least two populations of grains, one of water ice
particles with an embedded UV absorber (see Sect. 6.3 and references therein) and a second
component providing a broad-band absorption. On the contrary, for the mid-sized icy moons
and their Lagrangians the UV absorption is positively correlated with the VIS-IR slope while
decreasing with the surface albedo, possibly pointing to a different compositional paradigm
in which the same carrier might provide both the UV absorption and the surface darken-
ing. This would be consistent with a scenario in which the average surface composition of
these objects is primarily driven by the accumulated flux of E-ring particles (as evidenced
by the albedo vs orbital distance trend), however assuming an aging of the E-ring particles
due to exposure to radiolytic processes of their organic content, making them redder/darker.
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As such, grains reaching midsized icy moons farther from Enceladus (as Rhea and Dione),
would experience a longer radiolytic processing provide larger UV-reddening and darkening
of their surfaces (Hendrix et al. 2018). However, Janus and Epimetheus, whose albedo lead-
ing/trailing hemisphere asymmetry suggests evidence of accumulation of E-ring grains on
their surfaces and should receive larger fluxes than Rhea, do not seem to fit in this scenario,
as they appear darker than Rhea while having a smaller UV-absorption. This points to a more
complex picture, in which the resulting spectral properties of Janus and Epimetheus are the
result of those inherited by the rings with superposition of the different exogenous mecha-
nisms discussed above, including further processing of the organics in the E-ring particles
accumulated on their surfaces by the relatively large fluxes of high energy electrons (Fig. 3),
leading to carbonization which would progressively turn the grains from red to black.

In the current ring moon formation models these bodies could form 1) in the rings from
original seeds, denser than the ring material, that may be shards from the destruction of a
larger satellite or 2) at/near the Fluid Roche limit (outside the A ring) directly from ring
material (Sect. 5). Disentangling between these two scenarios by means of compositional
arguments based on spectroscopic observation does not appear as an easy task. The spectral
similarity between main rings and ring moons, might just be representative of the ring moons
outer layers, dominated by ring material, and hiding a potential inner seed not accessible by
UV-VIS-IR spectroscopy. Furthermore, the evidence of a complex interplay of exogenous
processes affecting the ring moon surfaces, as witnessed by the spectral radial trends, modi-
fies the original composition inherited from the rings, to a degree which depends on the ring
moon position and exposure time, i. €. its orbital evolution.

Once formed, embedded ring moons migrate outwards following the rings’ viscous
spreading, while isolated ring moons, emerged from the rings or formed just outside the
FRL, are pushed by the one-sided ring torque. With the exception of Pan, orbiting inside the
A ring, the ringmoon orbital evolution timescales, obtained by comparing the present dis-
tance from the A ring edge with the computed velocity of the outward radial drift, increase
with the ringmoon radial distance, from ~4 x10% yr for Atlas, ~ 1 Gyr for Epimetheus
(Sect. 5). Although it might be tempting to interpret these values as actual ringmoon ages,
this is hindered by the fact the drift rate changes over time due to 1) the increase of the
distance from the A ring, 2) possible (temporary) trapping in mean motion resonances with
other satellites and, 3) variations in the ringmoon mass resulting from merging processes.
These arguments appear even more relevant in the light of recent estimations of the age
of Saturn’s rings from the degree of pollution delivered by micrometeoroid infall (Kempf
et al. 2023), posing an upper limit to ~ 400 Myr, which would be inconsistent with the
above mentioned orbital evolution timescales (see also Crida et al. 2024, this collection).
Nonetheless, these should still be meaningful in relative terms, and it appear broadly sup-
ported from a spectroscopic perspective, with Janus and Epimetheus, likely the oldest of the
inner ring moons, being characterized by a more polluted appearance, possibly linked to a
longer exposure to contamination processes.

The observed shapes of the inner ring moons may be either the result of ring material
accretion onto the initial seed, which occurring preferentially at equatorial latitudes can
also account for the equatorial ridge observed on Atlas, Pan, and Daphnis, or by a low-
speed collision of two similar progenitors (Sect. 4). In the former case, one might hope
to observe residual compositional differences between the ring moon central component
and the equatorial ridge, if the internal seed is not completely hidden by the accumulated
material. In this respect, Buratti et al. (2019) provided some information in terms of the disk-
resolved ISS IR3/UV3 color ratio, as measured during the Cassini’s ring-grazing orbits: for
Pan and Atlas, the IR3/UV3 is 19% and 16% larger in the cratered terrains of their central
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components than for their equatorial ridges, respectively. If the equatorial ridge is more
representative of the ring material than the central component, and given that inner moons
are typically redder possibly because of the larger ring particle influence, we might expect
the equatorial ridge to be redder than the rest of the moon. However, it appears to be the
opposite for Atlas and Pan, a somewhat puzzling result. Similar information is available
also for Pandora, with a IR3/UV3 color ratio 15% lower in the craters than in the smooth
equatorial material. This seems in line with the argument above, yet Pandora is in general
much less red in the UV-VIS than the A ring and might be significantly influenced by F ring
grains (which may be polluted like the low-optical depth portions of the main rings), thus it is
not straightforward to interpret such variability as an effect of preferential main ring material
accumulation at equatorial/intermediate latitudes. One way to distinguish observationally
between the “ring material accretion at equatorial latitudes” and the“low-speed collision”
scenarios would be to determine the rotational libration amplitude of these bodies in order
to estimate their moments of inertia (Rambaux et al. 2022). In the first scenario, the body
is heterogeneous (the solid internal seed plus less-dense ring material at the equator) while
in the second case, the mixing would probably lead to a rather homogeneous body. The
libration of small moons may be deduced directly from high-resolution images (Tiscareno
et al. 2009) or indirectly using astrometric measurements of the periapse variations (Lainey
et al. 2019, 2023).

Despite the impressive wealth of data provided by the Cassini mission, tracing back the
present compositional, morphological and orbital properties of the ring moons to the primor-
dial phases of their formation in the rings endures as a difficult challenge. As summarized
above, the series of processes modifying the surfaces of these bodies, and their dynamical
evolution, are not fully unraveled yet, and will need to be quantitatively characterized by
future theoretical and laboratory investigations. Hopefully, as recently achieved for the main
rings, this will allow us to put independent and absolute constraints on the age of the ring
moons and produce a more complete picture of how the Saturnian system evolved. Explo-
ration of the Saturn system in the future might also allow us to sample the interior of the
ring moons in the context of the nearby ring particles. This would pose crucial constraints
on the formation processes and, by comparing surface and sub-surface properties, shed light
on the exogenous mechanisms affecting these small satellites.

Appendix A: Photometric Correction of VIMS Data

VIMS full-disk spectra of Saturn’s moons have been photometrically corrected to a refer-
ence phase angle of 50° before averaging procedures and computation of spectral indicators.
This has been done by assuming that the icy moons spectrophotometric properties can be de-
scribed by means of the Kaasalainen-Shkuratov model (Kaasalainen et al. 2001; Shkuratov
etal. 2011), as disscussed in Filacchione et al. (2022). This implies that the full-disk spectral
reflectance of a given target (F DR, («)) after normalization at 0.55 um can be expressed as

FDR(@) _  A(a)

= (A.D)
FDRO.SS um (C() AS?SS um (0()

where the subscript A indicate different wavelengths, « is the phase angle and A7 is the
equigonal albedo. Given this, the normalized full-disk reflectance photometrically corrected
at 50° can be expressed as

(A.2)

FDR,(50°) ( FDR; (cp) ) AGSs um(@0) A (@)
FDROSS um(soo) B FDRO.SS plm(a()) VIMS Aiq (O[()) AS?SS um(a)
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with (M) being the normalized full-disk reflectance spectrum from VIMS
FDRos5 ym(@0) ) 1

data. Filacchione et al. (2022) derived the equigonal albedos of Saturn’s mid-sized inner
moons (Mimas, Enceladus, Tethys, Dione, and Rhea) assuming a polynomial expression

AT (g) = ao s +aly (o) —|—am(a)2 (A.3)

with a set of different parameters (ao ;. a1, a2,,) for each target. Since spectrohotometric
models for the rest of the Saturn’s inner moons in the complete VIMS spectral range have
not yet been derived at the time of writing, we perform the photometric correction of the
observations of the different targets by means of Eq. (A.3), assuming for simplicity the set
of parameters (ao;, a1, az,,) derived for the case of Rhea, with the exception of the mid-
sized inner moons, for which the respective set of parameters were used.

With a similar approach, we also performed an empirical photometric correction of the
main ring radial spectrogram presented in Sect. 6. This requires the simplifying assumpions
that ring particles share spectrophotometric properties similar to the icy moons and that
multiple scattering of light between ring particles is negligible. We judge this an acceptable
approximation, considering the limited impact of the photometric correction for the main
ring case, since the VIMS observations used to build the radial spectrogram were acquired
with a phase angle of 38.8°, relatively close to the reference phase angle of 50°.
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