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Introduction

What would it be like to walk on Saturn's icy moons Rhea, Iapetus, or Dione? How fluffy and snow-like are their surfaces, and to what depth? How much non-icy material is present in the top few meters of the subsurface, and where does it come from? The answers to these questions, beyond helping us imagine icy extraterrestrial landscapes, offer insights into the formation and evolution of the surfaces of Saturn's icy moons.

The mid-sized satellites of Saturn -in order of increasing distance to their planet: Mimas, Enceladus, Tethys, Dione, Rhea, and, much further from Saturn, Iapetus -are all tidally locked with Saturn, featuring a leading side (toward the direction of movement) and a trailing side. During its 13.5 years in orbit around Saturn (2004Saturn ( -2017)), the Cassini probe revealed the intricate interactions between distinct regions of the satellites and their orbital environment, including Saturn's magnetosphere and dust rings. The deposition of Phoebe ring optically dark dust preferentially onto the leading hemisphere of Iapetus is the root cause of its albedo dichotomy, the most dramatic in the Solar System. Meanwhile, the inner moons (within Titan's orbit) are brightened by water ice particles spewed into the E ring by Enceladus. Impacts by dust ring particles and micrometeoroids process the surface into a loose, unconsolidated regolith. On Mimas, Tethys, and Dione, the surface of the equatorial regions of the leading hemisphere is further altered by high-energy electrons.

Although most of the processes affecting Saturn system bodies have been identified, their relative contribution and the time for which they have been active remain largely unknown. The age of the inner moons is a standing question, with some arguments such as the limited sustainability of Enceladus's hydrothermal activity and the rings' low non-icy contaminant content indicating young (of the order of a hundred million years old) bodies, while conflicting observations like high crater densities point to a formation within the Saturn subnebula (of the order of four billion years old). Knowing the vertical structure of the satellites' subsurfaces can help understand to what depth they have been affected by different processes such as incoming icy or non-icy material.

Centimetric to decametric depths can be probed by microwave radar and radiometry, which thereby offer complimentary information to other wavelengths. In particular, the Cassini 2.2-cm Radar/radiometer was able to measure the temperature and backscattering properties of the top few meters of icy surfaces. In passive radiometry mode, the instrument measured the microwave thermal radiation emitted by the satellite. This passive emission depends on the emissivity and temperature of the subsurface, thus informing on its thermal, structural, and compositional properties. Meanwhile, in active radar mode, a microwave signal was sent to the satellite and scattered in all directions, including back toward the Cassini spacecraft. The amplitude and time delay of the received backscatter provide clues to the structure and composition of the subsurface, independent of thermal properties.

The primary objective of the work described herein is to use microwave radiometry to derive the subsurface properties of Saturn's mid-sized icy moons, thus adding new elements to our understanding of the processes which have shaped and continue to affect these icy landscapes. To this end, the first step has been the calibration of the complete Cassini radar and radiometry datasets on these satellites. Then, a combination of thermal, radiative transfer, and emissivity models inspired from previous work was used to simulate the radiometry observations. By fitting the simulated temperatures to the ones observed by the Cassini spacecraft, it is possible to derive the thermal inertia, emissivity, and effective dielectric constant of the subsurface. This method was applied in priority to Rhea, the satellite of Saturn where the most and highest-resolution radiometry data have been acquired (after Titan), then to Dione and Iapetus.

The second, shorter part of this thesis, which was conducted in parallel to the analysis of Cassini data, was the collection and interpretation of Earth-based radiometry observations of Iapetus and Phoebe. Indeed, microwave radar and radiometry data can also be obtained from Earth: although only the day side of Saturn's satellites can be seen, it can be examined at multiple different wavelengths. Longer wavelengths generally probe deeper into the subsurface, and are sensitive to larger particle sizes than shorter wavelengths. Multi-wavelength microwave radiometry can therefore examine the vertical structure of the subsurface. This is particularly relevant for Iapetus, where a layer of optically dark material covers the leading side: long (centimetric) wavelengths are expected to probe the underlying icy substrate. If the dark material on Iapetus's leading hemisphere originates from Phoebe and its ring, then their microwave properties are expected to be similar, especially at shallow depth. Meanwhile, the icy trailing hemisphere of Iapetus should be more similar to other little-contaminated icy surfaces of the Saturn system, unless unusual structures or non-icy materials are present.

This manuscript is divided into seven chapters. Chapter 1 traces the history of discovery and exploration of Saturn's mid-sized icy moons, providing the scientific context of this study. Chapter 2 details the theoretical background of microwave radar and radiometry exploration and presents some of its applications to planetary science, especially to the study of icy satellites. Chapter 3 examines the complete dataset of Cassini radar observations of Saturn's atmosphere-less icy satellites and its scientific implications. In chapter 4, the 2.2-cm radiometry data gathered on these bodies by the Cassini spacecraft are calibrated and some preliminary interpretations are drawn; however, further analysis of these data requires the use of a thermal model. Chapter 5 describes the combination of thermal, radiative transfer, and emissivity models we developed to simulate the radiometry data. Chapter 6 compares the simulated temperatures to those measured on Rhea, Dione, and Iapetus by the Cassini radiometer, and discusses the scientific implications of this study. Lastly, chapter 7 is dedicated to the complimentary Earth-based radiotelescope observations of Iapetus, which complete part of the microwave spectra of its leading and trailing hemispheres, bringing to light vertical variations in subsurface thermo-physical properties.

This work was performed at the LESIA (Laboratoire d'Études Spatiales et d'Instrumentation en Astrophysique, UMR 8109) laboratory at the Observatoire de Paris-Meudon, and at the LATMOS (Laboratoire Atmosphères, Milieux, Observations Spatiales, UMR 8190) laboratory at the Sorbonne Université. It was funded by the Île-de-France region through a DIM-ACAV (Domaine d'Intêret Majeur -Astrophysique et Conditions d'Apparition de la Vie) grant. This work is also the fruit of several collaborations, including with scientists at the IRAM (Institut de Radioastronomie Millimétrique), LERMA (Laboratoire d'Etudes du Rayonnement et de la Matière en Astrophysique et Atmosphères), and NRAO (National Radio Astronomy Observatory), especially for the collection and calibration of new radiometry observations from Earth. (1672), Tethys (1684), and Dione (1684). In 1671, Jean-Dominique Cassini was only able to see Iapetus on one side of Saturn, whereas he could not detect it at its predicted position on the other side of Saturn. He correctly theorized that it was tidally locked to Saturn, and that its trailing side was much brighter than its leading side. It took over thirty years for him to develop a telescope powerful enough to observe Iapetus's leading side, which is almost two magnitudes fainter than its trailing side in the visible domain (e.g., [START_REF] Squyres | Voyager photometry of Iapetus[END_REF][START_REF] Harland | Cassini at Saturn-Huygens Results[END_REF]. Observations of Saturn's moons are generally easier near Saturn's equinox every 15 years, when the rings, seen edge-on, are considerably less bright: this explains the 12-year gap between the discoveries of Iapetus and Rhea, and the ∼two thirds smaller moons Tethys and Dione.

Meanwhile, Isaac Newton, James Gregory, and Laurent Cassegrain had invented three different versions of the reflecting telescope, using mirrors instead of lenses and thus avoiding chromatic aberrations. Difficulty in creating and polishing large mirrors largely delayed the reflector's utility to the 18th century, when William Herschel started constructing large mirrors of polished copper and tin (an alloy called speculum). His 40-foot telescope, with its 120-cm primary mirror, was financed by King George III after the discovery of Uranus in 1781 (this telescope was, like many of its successors would be, both late and over-budget). It remained the largest and most powerful telescope for over 50 years, and allowed the discovery of Saturn's moons Mimas and Enceladus in 1789 [START_REF] Herschel | I. Account of the discovery of a sixth and seventh satellite of the planet Saturn; with remarks on the construction of its ring, its atmosphere, its rotation on an axis, and its spheroidical figure[END_REF].

By the mid 19th century, the chromatic and spherical aberrations of refracting telescopes had been fixed, while equatorial mounts had been invented and mirror polishing techniques had improved. Thus Hyperion was discovered simultaneously in 1848 by William Lassel on an equatorial reflector near Liverpool and by William Cranch Bond and his son George Phillips Bond on a refractor at Harvard [START_REF] Bond | Discovery of a new satellite of Saturn[END_REF][START_REF] Lassell | Discovery of a new satellite of Saturn[END_REF]. Further improvements on the telescope, such as the construction of large glass mirrors with a lasting metal covering and, crucially, the invention of photography led William Henry Pickering to discover Phoebe on photographic plates in 1899 [START_REF] Pickering | Phoebe, the ninth satellite of Saturn[END_REF].

The 20th century witnessed the construction of large telescopes around the world, and countless improvements in their performance. The existence of a satellite near the rings was suspected as an explanation for the gaps in the rings; a dedicated search by Audouin Dollfus during the 1966 equinox revealed Janus [START_REF] Dollfus | La découverte du 10e satellite de Saturne[END_REF]. The difficulty in calculating its orbit was explained a decade later by the presence of Epimetheus, surprisingly sharing the same orbit [START_REF] Fountain | A New Satellite of Saturn?[END_REF]. Observations of the Saturn system during the following (1980) equinox, which benefited from the invention of the CCD (Charge-Coupled Device) camera, confirmed this deduction and revealed Dione's trojan Helene and Tethys's trojans Telesto and Calypso [START_REF] Lecacheux | A new satellite of Saturn: Dione B[END_REF][START_REF] Seidelmann | Saturn satellite observations and orbits from the 1980 ring plane crossing[END_REF]. Trojan satellites lie within the same orbit as a larger satellite (Tethys or Dione) at its L4 or L5 Lagrange points, i.e., 60 • ahead or behind it. A year earlier, Pioneer 11 had flown through the Saturn System, imaging and almost colliding with Epimetheus, and inaugurating a new age of Saturn satellite exploration.

Spacecraft exploration

With the arrival of the space age and the development of interplanetary probes, the exploration of the Saturn system was largely taken over by spacecraft.

Before Cassini

The first human-made object to fly through the Saturn system was the Pioneer 11 probe on September 1, 1979September 1, (launched in 1973)), which discovered the thin F ring. It was followed by Voyager 1 in 1980 and 2 in 1981, which confirmed the existence of the small co-orbital satellites and uncovered the small shepherd moons Atlas, Prometheus, Pandora, and Pan, which constantly interact with Saturn's rings. Although Titan's surface remained veiled behind its thick haze, the Voyager 1 and 2 spacecraft did reveal the surfaces of Saturn's icy satellites. The normal reflectance in the Voyager clear filter (0.47 µm) was mapped, as well as the orange/violet color ratio, for the inner mid-sized icy satellites (Mimas, Enceladus, Tethys, Dione, and Rhea); Iapetus and Phoebe were also mapped at 0.47 µm [START_REF] Smith | Encounter with Saturn: Voyager 1 Imaging Science Results[END_REF][START_REF] Smith | A New Look at the Saturn System: The Voyager 2 Images[END_REF][START_REF] Squyres | Voyager photometry of Iapetus[END_REF][START_REF] Buratti | Albedo and color maps of the Saturnian satellites[END_REF][START_REF] Simonelli | Phoebe: Albedo Map and Photometric Properties[END_REF]. These data showed heavily cratered terrains, with leading/trailing albedo dichotomies, especially on Iapetus. Bright, probably icy fractures called wispy terrain were observed on both Dione's and Rhea's trailing sides, while a rift system was noted on Tethys (Ithaca Chasma) [START_REF] Moore | The geology of Tethys[END_REF][START_REF] Moore | The tectonic and volcanic history of Dione[END_REF][START_REF] Moore | The geomorphology of Rhea: Implications for geologic history and surface processes[END_REF]. The uniqueness of Enceladus was clear from its Bond albedo near unity, a scarcity of craters, signs of recent tectonic and cryovolcanic activity, and its location in the highestdensity region of the E ring (e.g., [START_REF] Buratti | Voyager photometry of Rhea, Dione, Tethys, Enceladus and Mimas[END_REF][START_REF] Hill | Saturn's E ring[END_REF][START_REF] Buratti | Enceladus: Implications of its unusual photometric properties[END_REF]. The irregular shape and high vertical relief of Hyperion identified it as a likely collisional fragment, while Phoebe's photometric and orbital properties were consistent with an outer Solar System origin.

The Cassini-Huygens mission

The Cassini-Huygens mission was the fruit of a collaboration between the National Aeronautics and Space Administration (NASA), the European Space Agency (ESA), and the Italian Space Agency (ASI). It launched from Cape Canaveral, in Florida (USA) on October 15, 1997. After a 7-year cruise including flybys of Venus, the Earth, and Jupiter, the Cassini spacecraft discovered Saturn's 3-and 5-km moons Methone and Pallene, flew by Phoebe, and finally began orbiting Saturn on July 1, 2004. The Huygens descent probe landed on Titan on January 14, 2005, revealing its unique surface featuring complex drainage networks and rounded pebbles [START_REF] Tomasko | Rain, winds and haze during the Huygens probe's descent to Titan's surface[END_REF]. Though the Cassini

After Cassini

On September 15, 2017, the Cassini spacecraft plunged into Saturn's atmosphere and was finally destroyed in order to avoid any possible contamination of a satellite. Yet, during its 13.5 years around Saturn, it collected a wealth of data, which can still yield new and surprising discoveries. Now that all data has been acquired, we have a comprehensive view of the instruments' performances and the science that results: the calibration procedures can be finalized and perfected. New, more complex approaches are being put into place, such as radiative transfer methods correcting for Titan's atmosphere in the VIMS dataset (e.g., [START_REF] Rodriguez | Observational evidence for active dust storms on Titan at equinox[END_REF][START_REF] Mouélic | The Cassini VIMS archive of Titan: From browse products to global infrared color maps[END_REF], super-resolution techniques applied to Radar altimetry (e.g., [START_REF] Mastrogiuseppe | Bathymetry and composition of Titan's Ontario Lacus derived from Monte Carlo-based waveform inversion of Cassini RADAR altimetry data[END_REF], or topography derivation from overlapping beam patterns or stereo-radargrammetry (e.g., [START_REF] Stiles | Determining Titan surface topography from Cassini SAR data[END_REF][START_REF] Hayes | Topographic Constraints on the Evolution and Connectivity of Titan's Lacustrine Basins[END_REF].

In parallel, observations of the Saturn system are being conducted from Earth-based telescopes (on the ground or in Earth orbit), at multiple wavelengths. Such Earth-based data complemented those of the Cassini spacecraft while it was still active, and continue today. For instance, observations from the infrared Spitzer Space Telescope revealed the large, diffuse Phoebe ring [START_REF] Verbiscer | Saturn's largest ring[END_REF]. Astrometry observations at optical wavelengths led to the discovery of 20 new irregular moons orbiting Saturn, as announced by S. Sheppard in 2019. Cloud activity on Titan is regularly monitored from infrared telescopes, and informs on seasonal changes [START_REF] Corlies | Structural mapping of Enceladus and implications for formation of tectonized regions[END_REF]. Millimeter observations of Titan with the Atacama Large Millimeter/submillimeter Array (ALMA) resulted in the recent discovery of a thermospheric jet [START_REF] Lellouch | An intense thermospheric jet on Titan[END_REF]. As described within the present thesis, millimetric and centimetric ground-based observations can also teach us a lot about Saturn's icy satellites.

Finally, spacecraft-based remote sensing remains unique in resolution and geometry, while also allowing in situ experiments. After the end of the Cassini-Huygens mission and its myriad discoveries, several future missions will explore icy moons. The Dragonfly mission [START_REF] Lorenz | Dragonfly: A rotorcraft lander concept for scientific exploration at Titan[END_REF], which will send a rotorcraft to Titan's equatorial regions by 2034, will conduct in situ compositional, thermal, physical, and meteorological characterization of a region comprising extensive dune fields as well as a recent crater. The moons of Jupiter, although they are in a different environment from those of Saturn, also feature icy atmosphere-less surfaces. Europa will be explored by NASA's Europa Clipper mission (mid-2020s launch), while Ganymede will be investigated by ESA's JUpiter ICy moons Explorer (JUICE) mission (2022 launch expected). These three missions will considerably advance our understanding of the icy moons of the Solar System.

A variety of worlds

Saturn's nine largest satellites are all unique worlds. Their orbital characteristics are described in Table 1.1 and illustrated in Fig. 1.4. In spite of their different orbits, sizes, origins, and evolution, they all have bulk densities significantly lower than rocks, indicating compositions dominated by water ice (hence the denomination "icy moons"). Their surfaces especially are primarily composed of water ice, with varying quantities of silicate, metallic, or organic contaminants. The largest seven satellites (by order of increasing distance to Saturn: Mimas, Enceladus, Tethys, Dione, Rhea, Titan, and Iapetus) are all synchronous, featuring sub-Saturn and anti-Saturn sides. The leading hemisphere (in the direction of movement of the satellite, centered at -90 • E) and the trailing hemisphere (centered at 90 • E) interact differently with the Saturn system, more specifically its rings, magnetosphere, meteorites, and planetocentric dust. Meanwhile, Phoebe has a short rotation period, and Hyperion's is chaotic. The satellites are dynamically locked into their orbits by resonances: Hyperion is in a 4:3 resonance with Titan, while the Mimas-Tethys and Enceladus-Dione pairs are both in 2:1 mean motion resonances.

Table 1.1 -Orbital characteristics and density of Saturn's nine largest satellites, from [START_REF] Castillo-Rogez | Origin and Evolution of Saturn's Mid-Sized Moons[END_REF] and [START_REF] Thomas | The Inner Small Satellites of Saturn, and Hyperion[END_REF]. Geometric albedos from [START_REF] Verbiscer | Enceladus: Cosmic Graffiti Artist Caught in the Act[END_REF], [START_REF] Blackburn | A bolometric Bond albedo map of Iapetus: Observations from Cassini VIMS and ISS and Voyager ISS[END_REF][START_REF] Miller | Comparing Phoebe's 2005 opposition surge in four visible light filters[END_REF] are also given, as recorded in [START_REF] Verbiscer | Surface Properties of Saturn's Icy Moons from Optical Remote Sensing[END_REF]. Note that most moons are synchronous, i.e. they have identical orbital and rotation periods. The average Saturn radius is R Saturn = 58232 km.

Satellite

Figure 1.4 -Saturn's satellites and rings structure. Top: The 18 moons of Saturn known before the Cassini spacecraft arrived at Saturn, to scale, in order of increasing distance to Saturn (Saturn would be on the left). Bottom: Saturn, its rings and satellites up to Rhea. Note that the E ring, while densest at Enceladus, extends from Mimas to Rhea. Similarly but not shown here, the large, diffuse ring around Phoebe extends to Hyperion; Phoebe ring particles may also reach Titan and possibly Rhea.

(Credit: NASA/Jet Propulsion Laboratory (JPL)-CalTech/David Seal)

Second largest moon after Jupiter's satellite Ganymede, Titan is the only Solar system satellite to have a substantial atmosphere, which is mainly composed of nitrogen (∼98% N 2 ) and methane (2-5% CH 4 ). Liquid methane and ethane are stable at surface pressures (1.45 bar) and temperatures (93 K). The Cassini-Huygens mission has revealed the presence of methane-ethane lakes, seas, rivers, clouds, and rain (e.g., [START_REF] Tomasko | Rain, winds and haze during the Huygens probe's descent to Titan's surface[END_REF][START_REF] Stofan | The lakes of Titan[END_REF][START_REF] Turtle | Cassini imaging of Titan's high-latitude lakes, clouds, and south-polar surface changes[END_REF][START_REF] Turtle | Rapid and Extensive Surface Changes Near Titan's Equator: Evidence of April Showers[END_REF], as well as extensive plains, dune fields, mountains, and labyrinthic terrains (e.g., [START_REF] Elachi | Cassini Radar Views the Surface of Titan[END_REF][START_REF] Lorenz | The Sand Seas of Titan: Cassini RADAR Observations of Longitudinal Dunes[END_REF][START_REF] Radebaugh | Mountains on Titan observed by Cassini Radar[END_REF][START_REF] Malaska | Identification of Karst-like Terrain on Titan from Valley Analysis[END_REF].

Because this thesis work is dedicated to Saturn's mid-sized icy satellites, we will not describe Titan in more detail, in spite of its complexity and beauty. Similarly, we will not mention further the inner small icy satellites such as Tethys's and Dione's trojans, the shepherd moons, the main ring satellites, and the co-orbitals Janus and Epimetheus, though we recognize the intricacy of their dynamics and their importance to our understanding of the Saturn system as a whole. Instead, we concentrate on the mid-sized icy satellites, especially Iapetus, Rhea, and Dione. 1.4 Outer system satellites: Phoebe, Iapetus, and Hyperion

We define the outer Saturn system as beyond the orbit of Titan. The three largest satellites of the outer Saturn system (Phoebe, Iapetus, and Hyperion) have different compositions, orbital characteristics, and origins. Yet their interactions justify examining them together.

Phoebe

Phoebe's retrograde orbit, high inclination (orbital inclination of 176 • ), and low albedo suggest it was likely captured, rather than formed in the Saturn nebula [START_REF] Pollack | Gas drag in primordial circumplanetary envelopes: A mechanism for satellite capture[END_REF]). Cassini's close flyby of Phoebe in 2004 supports this interpretation, as Phoebe's albedo, composition, and mean density are also very different from that of Saturn's regular satellites [START_REF] Johnson | Saturn's moon Phoebe as a captured body from the outer Solar System[END_REF][START_REF] Denk | The Irregular Satellites of Saturn[END_REF]. Cassini VIMS and UVIS observations indicate a diverse surface composition, including organics, water ice, iron-bearing minerals, and trapped H 2 and CO 2 , generally consistent with an origin in the Kuiper belt [START_REF] Clark | Compositional maps of Saturn's moon Phoebe from imaging spectroscopy[END_REF][START_REF] Coradini | Identification of spectral units on Phoebe[END_REF][START_REF] Cruikshank | Hydrocarbons on Saturn's satellites Iapetus and Phoebe[END_REF]Hendrix and Hansen, 2008b). Phoebe is heavily cratered, dark (bolometric Bond albedo of 0.023 to 0.1; [START_REF] Simonelli | Phoebe: Albedo Map and Photometric Properties[END_REF][START_REF] Flasar | Temperatures, Winds, and Composition in the Saturnian System[END_REF][START_REF] Buratti | Infrared (0.83-5.1µm) photometry of Phoebe from the Cassini Visual Infrared Mapping Spectrometer[END_REF], and features brighter ice-rich material in craters and scarps. Low thermal inertias (20 to 25 Jm -2 K -1 s -1/2 ) point to a porous surface down to millimeter depths [START_REF] Flasar | Temperatures, Winds, and Composition in the Saturnian System[END_REF][START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF].

Phoebe is located far from Saturn, near the center of the so-called Phoebe ring, a gigantic diffuse, dusty torus about 170 R Saturn wide, with a vertical thickness of 40 R Saturn [START_REF] Verbiscer | Saturn's largest ring[END_REF][START_REF] Hamilton | Small particles dominate Saturn's Phoebe ring to surprisingly large distances[END_REF][START_REF] Tamayo | Radial profiles of the Phoebe ring: A vast debris disk around Saturn[END_REF]. The particles within this ring most likely originate from dust ejected from Phoebe itself during impacts; like Phoebe, they are most likely retrograde (e.g., [START_REF] Tamayo | Finding the trigger to Iapetus' odd global albedo pattern: Dynamics of dust from Saturn's irregular satellites[END_REF]. Retrograde dust particles larger than 1-5 µm within the Phoebe ring progressively migrate inwards in the Saturn system, and eventually encounter Iapetus, Hyperion, or maybe even Titan [START_REF] Burns | The Contamination of Iapetus by Phoebe Dust[END_REF][START_REF] Tosi | Probing the origin of the dark material on Iapetus[END_REF][START_REF] Tamayo | Finding the trigger to Iapetus' odd global albedo pattern: Dynamics of dust from Saturn's irregular satellites[END_REF].

Iapetus

Iapetus is a heavily cratered icy satellite with many large impact basins, most likely formed within the Saturn subnebula 4.3 billion years ago, though its high inclination (7.5 • with respect to the Laplace plane; [START_REF] Mosqueira | Deciphering the origin of the regular satellites of gaseous giants -Iapetus: The Rosetta ice-moon[END_REF] and low density (1088 ± 13 kg m -3 ) remain difficult to explain [START_REF] Mosqueira | Deciphering the origin of the regular satellites of gaseous giants -Iapetus: The Rosetta ice-moon[END_REF][START_REF] Castillo-Rogez | Origin and Evolution of Saturn's Mid-Sized Moons[END_REF]. Its low density points to a composition dominated by water ice, with low silicate content. Iapetus's strong flattening (equatorial radius of 745.7 ± 2.9 km vs polar radius of 712.1 ± 1.6 km; Thomas 2010) suggests that it cooled down early in its history. It would thus have preserved a shape corresponding to hydrodynamical equilibrium with a very fast rotation (8.5-15 h), in spite of its 79-day current period [START_REF] Castillo-Rogez | Iapetus' geophysics: Rotation rate, shape, and equatorial ridge[END_REF][START_REF] Robuchon | Coupling of thermal evolution and despinning of early Iapetus[END_REF]. The high topography contrasts and the quasi-lack of crater relaxation show that Iapetus has remained dynamically inert, in agreement with the lack of tidal heating expected that far from Saturn [START_REF] White | Impact basin relaxation on Rhea and Iapetus and relation to past heat flow[END_REF].

Iapetus also features an enigmatic equatorial ridge (Fig. 1.5e). Up to 20 km high, this discontinuous mountain chain extends over 75% of the circumference, but is heavily eroded by cratering, indicating its ancient age [START_REF] Porco | Cassini Imaging Science: Initial results on Phoebe and Iapetus[END_REF][START_REF] Giese | The topography of Iapetus' leading side[END_REF]Schenk et al., 2018, and references therein). Many different theories, both endogenous and exogenous, have been proposed for the origin of the ridge (Schenk et al., 2018, and references therein), though the most favored today is the infall of a ring around Iapetus. This theory is supported by the ridge's narrowness and its discontinuity, both of which are difficult to explain with endogenous processes. The presence of a discontinuous equatorial color feature on Rhea [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF], which likely formed in a similar manner, as well as rings around the Centaur Chariklo [START_REF] Braga-Ribas | A ring system detected around the Centaur (10199) Chariklo[END_REF] and Kuiper Belt Object Haumea (Ortiz et al., 2017), lend credibility to the possibility of small-body ring systems.

Nonetheless, the most salient attribute of Iapetus is its leading/trailing hemispheric albedo dichotomy (Fig. 1.5a and b), the most dramatic one in the Solar System. At 61R Saturn , Iapetus circulates near the edge of the Phoebe ring, whose particles spiral toward Saturn. Thus Iapetus's leading hemisphere accumulates a coating of dark material, while its trailing side remains mostly icy and bright. As a result, at optical wavelengths, Iapetus's trailing hemisphere is 10 to 20 times brighter than its leading hemisphere, as seen by J.-D. Cassini when he first observed it (visible albedos of 0.3 -0.6 vs 0.02 -0.03; [START_REF] Squyres | Voyager photometry of Iapetus[END_REF]. The deposition of exogenous dark material associated with Phoebe was first proposed by [START_REF] Soter | Brightness asymmetry of Iapetus[END_REF], and is supported by the results of the Cassini mission. The distribution of dark material at a local scale, which for instance covers only the leading-facing slopes of craters at intermediate longitudes, supports an exogenous origin [START_REF] Porco | Cassini Imaging Science: Initial results on Phoebe and Iapetus[END_REF]. The trailing hemisphere has a mainly icy composition with the presence of some CO 2 , while the dark terrain presents spectral features of metallic iron and iron-bearing minerals (hematite), CO 2 , and water ice, similar to Phoebe's surface [START_REF] Fink | Infrared spectra of the satellites of Saturn: identification of water ice on Iapetus, Rhea, Dione, and Tethys[END_REF][START_REF] Buratti | Cassini Visual and Infrared Mapping Spectrometer observations of Iapetus: Detection of CO 2[END_REF][START_REF] Pinilla-Alonso | Iapetus surface variability revealed from statistical clustering of a VIMS mosaic: The distribution of CO 2[END_REF]Clark et al., 2012). More recent studies show the presence of aromatic and aliphatic hydrocarbons on Phoebe, Iapetus's leading hemisphere, and Hyperion, consistent with a dust coating from Phoebe [START_REF] Cruikshank | Aromatic and aliphatic organic materials on Iapetus: Analysis of Cassini VIMS data[END_REF]Hendrix et al., 2018). The fact that large Iapetus leading hemisphere craters do not expose the icy substrate underneath the dark layer, in spite of its <1-m thickness detected by radar [START_REF] Black | Radar Detection of Iapetus[END_REF][START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], indicates that the deposition of dark material is an ongoing process. However, the dark material on Iapetus extends slightly beyond the leading hemisphere at equatorial latitudes, and is absent from the poles (Fig. 1.5a and b). Furthermore, in some places the dark material seems to cover an icy substrate (e.g., Fig. 1.5c) whereas in other places it is the opposite (e.g., Fig. 1.5d). This distribution is consistent with thermal segregation: albedo differences cause significant temperature contrasts, which lead to migration of water ice from dark, warmer regions to bright, colder ones, in particular toward the poles (Hendrix and Hansen, 2008a;[START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF][START_REF] Kimura | Sublimation's impact on temporal change of albedo dichotomy on Iapetus[END_REF].

Hyperion

Hyperion is a small, heavily cratered, irregular satellite in a 4:3 resonance with Titan, with a chaotic rotation and a sponge-like appearance. Its unusual rotation, irregular shape, and very low density indicate that it is likely the remnant from a larger moon after a violent collision (e.g., [START_REF] Matthews | The Darkening of Iapetus and the Origin of Hyperion[END_REF]. Its low mean density (544 ± 50 kgm -3 ), i.e., about a third of Phoebe's mean density) indicates a porosity of at least ∼40%. In such high-porosity media, impacts dig deeper craters, with little ejecta, consistent with the unusual crater morphologies observed on Hyperion (Thomas et al., 2007a). Mass wasting, accelerated by the sublimation of CO 2 ice, then widens these craters, smooths the surface, and destroys small craters [START_REF] Howard | Sublimation-driven erosion on Hyperion: Topographic analysis and landform simulation model tests[END_REF]. At the bottom of the large craters is a dark material, of composition apparently similar to Phoebe and Iapetus's leading hemisphere: it likely also originates in large part from the Phoebe ring, although other sources of contaminants are possible [START_REF] Cruikshank | Surface composition of Hyperion[END_REF][START_REF] Dalton | Compositional analysis of Hyperion with the Cassini Visual and Infrared Mapping Spectrometer[END_REF]. However, at an orbital distance of 25 R Saturn , Hyperion receives much less Phoebe ring dust than Iapetus. Figure 1.6 -Enhanced 3-color mosaics of Saturn's mid-sized icy satellites, in equidistant projection. For all maps shown within the present manuscript, the leading hemisphere is on the left and the trailing hemisphere on the right (the sub-Saturn point is at 0 • longitude). The leading side is most likely brightened by E-ring particles on Tethys, Dione, and Rhea, but darkened by Phoebe ring particles on Iapetus. Note the equatorial UV-bright ellipses on Mimas and Tethys, the tiger stripes on Enceladus's South pole, the dark trailing hemisphere terrain on Tethys, Dione, and Rhea, and the wispy terrains on Dione's and Rhea's trailing sides. From left to right and top to bottom, references for these maps are: PIA18437, PIA18435, PIA18439, PIA18434, PIA18438, PIA18436. (Credit: NASA/JPL-CalTech/SSI/LPI/ [START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF] 1.5 Inner mid-sized icy satellites

The five inner mid-sized icy satellites, from Mimas to Rhea, form a fascinating family of bodies with multiple similarities and key differences. Tides with Saturn and resonances among the satellites lead to tectonic and volcanic past and present activity. Enhanced 3-color mosaics of the inner midsized icy satellites, as well as Iapetus, are displayed in Fig. 1.6. As they are all in synchronous rotation, their leading and trailing hemispheres are differently affected by exogenous processes, which also vary with distance to Saturn. Their surfaces are all primarily composed of water ice, with minor nonicy contaminants [START_REF] Clark | Saturn's satellites: Near-infrared spectrophotometry (0.6-2.5 µm) of the leading and trailing sides and compositional implications[END_REF][START_REF] Cruikshank | A spectroscopic study of the surfaces of Saturn's large satellites: H 2 O ice, tholins, and minor constituents[END_REF]. Their age and formation mechanism remains one of the key mysteries of the Saturn system. We will first examine them one by one, in order of decreasing distance to Saturn, then we will summarize the different processes affecting their surfaces.

Rhea

Rhea is the largest of Saturn's icy satellites, including Iapetus (see Table 1.1). Moment of inertia and mean density derived from close Rhea flybys are consistent with an undifferentiated interior of about 25% rock-metal and 75% water ice [START_REF] Anderson | Saturn's satellite Rhea is a homogeneous mix of rock and ice[END_REF][START_REF] Tortora | Rhea gravity field and interior modeling from Cassini data analysis[END_REF]. Like Iapetus, Rhea is heavily cratered and presents no hints of recent resurfacing. Nonetheless, Rhea has fewer large impact basins, and their topography is relaxed, indicating a past heat flow up to 30 mW m -2 , likely originating from radioactive decay and/or tidal resonances [START_REF] White | Impact basin relaxation on Rhea and Iapetus and relation to past heat flow[END_REF][START_REF] Beddingfield | Shallow normal fault slopes on Saturnian icy satellites[END_REF][START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF]. Rhea also shows extensive scarps, ridges, and troughs, constituting grabens up to 30 km wide and 3 km deep and faults up to 100 km in length (see Fig. 1.7a for an example) [START_REF] Moore | The geomorphology of Rhea: Implications for geologic history and surface processes[END_REF][START_REF] Hammond | Stereo Topography of Fault Systems and Crater-Fault Interactions on Rhea[END_REF]. Although some of these features appear ancient, the trailing hemisphere graben system ("wispy terrain") seems relatively recent, indicating a complex tectonic and thermal history, including likely recent global extension.

The bright 49-km-wide crater Inktomi (14.1 • S, -112.1 • E), shown in Fig. 1.7d, is likely one of the youngest craters of the Saturn system, with age estimates between 8 and 280 Ma old [START_REF] Wagner | Bright Ray Craters on Rhea and Dione[END_REF][START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF][START_REF] Dalle Ore | Impact craters: An ice study on Rhea[END_REF]. Its ejecta mantles the pre-existing cratered landscape near the crater, and bright discontinuous ejecta rays extend hundreds of km, in a butterfly pattern indicative of an oblique impact from the East. Inktomi has the strongest water ice signature on Rhea (Fig. 1.7b;[START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF][START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn II: Identification of terrain units on Rhea[END_REF].

Rhea's surface composition, examined by VIMS, is dominated by water ice, with some contamination by as yet unidentified non-icy optically dark materials of uncertain origin [START_REF] Roatsch | Cartographic Mapping of the Icy Satellites Using ISS and VIMS data[END_REF][START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF][START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn II: Identification of terrain units on Rhea[END_REF]. This material is mainly present on the trailing hemisphere (see Fig. 1.6 and Fig. 1.7b). Especially high-purity water ice is exposed in the fractures of the trailing hemisphere, along the high slopes at the edges of some craters, and in the ejecta blanket of the young impact crater Inktomi (Fig. 1.7b and d). These observations point to a clean water ice crust for the top few km of Rhea, whereas surface dark materials must be of exogenic origin [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF][START_REF] Tortora | Rhea gravity field and interior modeling from Cassini data analysis[END_REF]. [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF] also describes infrared-dark spots almost aligned along the equator. These "blue pearls" (shown in Fig. 1.7c), associated with high topography, were most likely produced by infalling debris from a former ring around Rhea.

A tenuous exosphere, composed of CO 2 and O 2 , has been detected from CAPS and INMS observations [START_REF] Teolis | Cassini Finds an Oxygen-Carbon Dioxide Atmosphere at Saturn's Icy Moon Rhea[END_REF][START_REF] Simon | Analysis of Cassini magnetic field observations over the poles of Rhea[END_REF]. This exosphere, less present in the nighttime and the winter pole, is temperature dependent, indicating adsorption and possibly condensation in the colder regions (temperatures as low as ∼25 K have been observed at Rhea's South pole; [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF], especially for CO 2 which is less volatile than O 2 [START_REF] Teolis | Dione and Rhea seasonal exospheres revealed by Cassini CAPS and INMS[END_REF][START_REF] Teolis | Exospheres and Magnetospheric Currents at Saturn's Icy Moons: Dione and Rhea[END_REF]. 

Dione

Although it is considerably smaller (R Dione = 561 km and R Rhea = 764 km; Table 1.1) and denser (indicating ∼50% rock fraction), Dione presents many similarities with Rhea [START_REF] Castillo-Rogez | Origin and Evolution of Saturn's Mid-Sized Moons[END_REF]. Indeed, Dione's trailing hemisphere is also coated with dark exogenic material interrupted by large fault systems ("wispy terrain") [START_REF] Moore | The tectonic and volcanic history of Dione[END_REF]). Dione's surface is dominantly composed of water ice, which is depleted in the dark trailing hemisphere terrain, as shown in Fig. 1.8b. The water ice signatures are particularly strong within the fractures and near the bright young ray crater Creusa (49 • N, 76 • W; see Fig. 1.8a), which is analogous to Rhea's Inktomi crater, with a likely age of a few tens to a few hundred million years [START_REF] Stephan | Dione's spectral and geological properties[END_REF][START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn I: Identification of terrain units on Dione[END_REF][START_REF] Hirata | Rayed craters on Dione: Implication for the dominant surface alteration process[END_REF]. Like Rhea, Dione features a tenuous, seasonally varying exosphere, best explained by adsorption/desorption and condensation/sublimation cycles [START_REF] Tokar | Detection of exospheric O + 2 at Saturn's moon Dione[END_REF][START_REF] Teolis | Exospheres and Magnetospheric Currents at Saturn's Icy Moons: Dione and Rhea[END_REF].

Nonetheless, Dione seems younger and more endogenically evolved than Rhea. Dione's tectonic features are more extensive (as obvious in Fig. 1.6), collectively extending to ∼ 1300 km [START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF]. Cross-cutting relationships with craters and lack of erosion, shown for example [START_REF] Kirchoff | Dione's resurfacing history as determined from a global impact crater database[END_REF].

in Fig. 1.8c, indicate that these extensional faults are relatively young (at most half of Dione's age), and that their formation may still be ongoing [START_REF] Beddingfield | Shallow normal fault slopes on Saturnian icy satellites[END_REF][START_REF] Kirchoff | Dione's resurfacing history as determined from a global impact crater database[END_REF][START_REF] Hirata | Timing of the faulting on the Wispy Terrain of Dione based on stratigraphic relationships with impact craters[END_REF]). Dione's leading hemisphere features smooth plains, first noticed on Voyager images [START_REF] Moore | The tectonic and volcanic history of Dione[END_REF], in the center of which unusual walled depressions were found (Fig. 1.8d;[START_REF] Schenk | Eruptive Volcanism on Saturn's Icy Moon Dione[END_REF][START_REF] Kirchoff | Dione's resurfacing history as determined from a global impact crater database[END_REF]. Cryovolcanism is a likely explanation for these features, as well as for extensional and compressional landforms observed in this region, though no current endogenic activity has been detected [START_REF] Hammond | Flexure on Dione: Investigating subsurface structure and thermal history[END_REF][START_REF] Kirchoff | Dione's resurfacing history as determined from a global impact crater database[END_REF]Howett et al., 2018;[START_REF] Buratti | The Search for Activity on Dione and Tethys With Cassini VIMS and UVIS[END_REF]). Dione's craters are also more relaxed than Rhea's, especially on the leading hemisphere, indicating past heat flux of 50 to 60 mW m -2 , consistent with that indicated by the lithosphere elastic thickness [START_REF] Hammond | Flexure on Dione: Investigating subsurface structure and thermal history[END_REF][START_REF] White | Impact crater relaxation on Dione and Tethys and relation to past heat flow[END_REF]. These high heat fluxes point to either the (past or current) presence of a subsurface ocean on Dione, or stronger tidal forces in the past [START_REF] Hammond | Flexure on Dione: Investigating subsurface structure and thermal history[END_REF][START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF]. Gravity and topography point to a differentiated interior, and support the presence of a subsurface ocean today [START_REF] Beuthe | Enceladus's and Dione's floating ice shells supported by minimum stress isostasy[END_REF][START_REF] Hemingway | Dione's Internal Structure Inferred from Cassini Gravity and Topography[END_REF].

Tethys

Tethys is very close in size to Dione (R Tethys = 531 km; Table 1.1), and also features a darkened trailing hemisphere, as seen in Fig. 1.6. Its low bulk density indicates a mainly icy composition, with rock fraction varying between 7 and 20% depending on the assumed bulk porosity (Matson et al., ). Tethys features a 1000-km-long extensional rift called Ithaca Chasma centered on its sub-Saturn side and shown in Fig. 1.9a. The 425-km-diameter Odysseus impact basin (32.8 • N, 128.9 • W), shown in Fig. 1.9b, is among the largest in the Saturn System. Tethys also has a relatively smooth plains unit, as well as some unusual red streaks (Fig. 1.9c), whose origin remains unexplained [START_REF] Smith | A New Look at the Saturn System: The Voyager 2 Images[END_REF][START_REF] Moore | The geology of Tethys[END_REF][START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF]. The significant relaxation of its craters indicates heat fluxes of the same order as Dione's [START_REF] Giese | Tethys: Lithospheric thickness and heat flux from flexurally supported topography at Ithaca Chasma[END_REF][START_REF] White | Impact crater relaxation on Dione and Tethys and relation to past heat flow[END_REF]. The history of Tethys, which must account for and possibly relate the formation of Ithaca Chasma, Odysseus crater, smooth plains, and muted topography, remains largely unclear, but likely includes expansion related to global cooling, tidal stresses linked to past resonances, and seismic waves from the Odysseus impact [START_REF] Castillo-Rogez | Origin and Evolution of Saturn's Mid-Sized Moons[END_REF]Schenk et al., 2018, and references therein).

An elliptically shaped region centered on Tethys's leading side is slightly darker, bluer, and more UV-bright than its surroundings, as apparent in Fig. 1.6 (Buratti et al., 1990;[START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF]. The CIRS instrument, by observing diurnal temperature variations, can constrain the thermal inertia (in J m -2 K -1 s -1/2 , hereafter referred to as MKS), which describes the surface's ability to store and release heat. These data revealed that the blue region exhibits a higher thermal inertia than its surroundings (25 ± 3 MKS, vs 5 ± 1 MKS outside the anomaly; [START_REF] Howett | PacMan returns: An electron-generated thermal anomaly on Tethys[END_REF]. Surface alteration by megaelectronvolt electrons accelerated by Saturn's magnetosphere, which preferentially hit equatorial regions of the leading side, is the best explanation for these features [START_REF] Howett | PacMan returns: An electron-generated thermal anomaly on Tethys[END_REF][START_REF] Paranicas | The lens feature on the inner saturnian satellites[END_REF]Howett et al., 2018).

Enceladus

The discovery of water jets from the fractures at the South pole of Enceladus, first by the MAG instrument [START_REF] Dougherty | Identification of a Dynamic Atmosphere at Enceladus with the Cassini Magnetometer[END_REF] then confirmed by multiple instruments aboard the Cassini spacecraft, made it a high-priority target during the Cassini mission as well as for future missions, especially regarding the search for habitable environments or even life in the Solar System. The South Polar Terrain (SPT) of Enceladus is an extremely young region associated with multiple tectonic rifts (including four parallel fractures called the "tiger stripes"), warm temperatures up to ∼200 K (Fig. 1.10d, Goguen et al., 2013), high thermal emission (15.8 ± 3.1 GW;[START_REF] Howett | High heat flow from Enceladus' south polar region measured using 10-600 cm -1 Cassini/CIRS data[END_REF][START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF], and jets of icy particles which supply Saturn's E ring (Fig. 2006; [START_REF] Spencer | Cassini Encounters Enceladus: Background and the Discovery of a South Polar Hot Spot[END_REF][START_REF] Bibliography Abramov | Endogenic heat from Enceladus' south polar fractures: New observations, and models of conductive surface heating[END_REF][START_REF] Bland | Constraining the heat flux between Enceladus' tiger stripes: Numerical modeling of funiscular plains formation[END_REF]. Radioactive activity and tidal heating on a fully differentiated Enceladus do not provide sufficient energy to sustain this intense activity over long periods of time, which therefore requires periodic activity, a porous core, a varying Saturn dissipation factor Q, or a young Enceladus (e.g., [START_REF] Běhounková | Tidally-induced melting events as the origin of south-pole activity on Enceladus[END_REF][START_REF] Choblet | Powering prolonged hydrothermal activity inside Enceladus[END_REF][START_REF] Nimmo | The Thermal and Orbital Evolution of Enceladus: Observational Constraints and Models[END_REF].

Being largely covered by fresh ice from its South polar jets, Enceladus has the highest albedo of the solar system (geometric albedo of 1.38, Verbiscer et al., 2007, andbolometric Bond albedo of 0.85 ± 0.11, Pitman et al., 2010). It features three fractured regions: the currently active SPT and the young (with few craters and likely formerly active) Leading and Trailing Hemisphere Terrains (LHT and THT). The rest of Enceladus is heavily cratered while still displaying troughs, cracks, and pit chains [START_REF] Spencer | Enceladus: An Active Cryovolcanic Satellite[END_REF][START_REF] Corlies | Structural mapping of Enceladus and implications for formation of tectonized regions[END_REF], its estimated age lies between 0.6 and 4.6 Ga [START_REF] Kirchoff | Crater modification and geologic activity in Enceladus' heavily cratered plains: Evidence from the impact crater distribution[END_REF]. The tectonic structures of the fractured regions are fairly complex, including compressional, extensional, and shear features such as ridges, troughs, strike-slip faults, and parallel fractures with different sets of orientations [START_REF] Patthoff | A fracture history on Enceladus provides evidence for a global ocean[END_REF][START_REF] Yin | Gravitational spreading, bookshelf faulting, and tectonic evolution of the South Polar Terrain of Saturn's moon Enceladus[END_REF][START_REF] Corlies | Structural mapping of Enceladus and implications for formation of tectonized regions[END_REF][START_REF] Patterson | Enceladus and the Icy Moons of Saturn[END_REF]. The highest-resolution Enceladus Cassini imagery (∼4 m/pixel) was obtained over the SPT, showing an abundance of meter-sized ice blocks, as shown in Fig. 1.10c [START_REF] Martens | Spatial distribution of ice blocks on Enceladus and implications for their origin and emplacement[END_REF][START_REF] Helfenstein | Enceladus' geysers: Relation to geological features[END_REF][START_REF] Patterson | Enceladus and the Icy Moons of Saturn[END_REF]. Although the surface of Enceladus is mainly composed of high-purity water ice, variations in grain size and minor contaminant (e.g., CO 2 , NH 3 , CH 4 ) abundance can be seen in VIMS observations [START_REF] Jaumann | Distribution of icy particles across Enceladus' surface as derived from Cassini-VIMS measurements[END_REF][START_REF] Filacchione | Saturn's icy satellites investigated by Cassini-VIMS: II. Results at the end of nominal mission[END_REF][START_REF] Scipioni | Deciphering sub-micron ice particles on Enceladus surface[END_REF][START_REF] Combe | Nature, distribution and origin of CO 2 on Enceladus[END_REF]. The predicted distribution of the plume particles falling back onto Enceladus matches the UV-bright regions noted by [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF] and the regions with larger ice grain sizes seen in the VIMS dataset [START_REF] Jaumann | Distribution of icy particles across Enceladus' surface as derived from Cassini-VIMS measurements[END_REF][START_REF] Kempf | How the Enceladus dust plume feeds Saturn's E ring[END_REF][START_REF] Scipioni | Deciphering sub-micron ice particles on Enceladus surface[END_REF][START_REF] Southworth | Surface deposition of the Enceladus plume and the zenith angle of emissions[END_REF].

Enceladus has a relatively high density (1609 kg m -3 ; Table 1.1), pointing to a higher rock fraction than on Saturn's other icy satellites [START_REF] Charnoz | Accretion of Saturn's mid-sized moons during the viscous spreading of young massive rings: Solving the paradox of silicatepoor rings versus silicate-rich moons[END_REF]. Gravity, topography, and libration data show the presence of a global liquid water ocean under an icy crust tens of km thick (Hemingway et al., 2018, and references therein). The Cosmic Dust Analyser (CDA) and INMS instruments aboard Cassini revealed the presence of salts and organics in the ice grains of the plume, as well as molecular hydrogen in the gas component of the plume, indicating that the ocean is in direct contact with the rocky core, with hydrothermal activity at the ocean floor [START_REF] Postberg | A salt-water reservoir as the source of a compositionally stratified plume on Enceladus[END_REF][START_REF] Hsu | Ongoing hydrothermal activities within Enceladus[END_REF][START_REF] Waite | Cassini finds molecular hydrogen in the Enceladus plume: Evidence for hydrothermal processes[END_REF][START_REF] Glein | The Geochemistry of Enceladus: Composition and Controls[END_REF][START_REF] Postberg | Plume and Surface Composition of Enceladus[END_REF]. The ocean floor of Enceladus may therefore be a habitable environment, analogous to hydrothermal vents on Earth, making this small icy moon a prime target for the search for life [START_REF] Mckay | Enceladus Astrobiology, Habitability, and the Origin of Life[END_REF], and references therein).

Mimas

Unlike the other four inner mid-sized satellites of Saturn, there is no evidence of resurfacing or crater relaxation on Mimas, and the only signs of tectonic activity are some linear grooves shown in Fig. 1.11a (Schenk et al., 2018). The grooves may be linked to the large impact basin Herschel, or could have formed as a result of global expansion as an inner ocean cooled [START_REF] Tajeddine | Constraints on Mimas' interior from Cassini ISS libration measurements[END_REF][START_REF] Rhoden | The implications of tides on the Mimas ocean hypothesis[END_REF][START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF].

Like Tethys, Mimas features a UV-bright region on its leading side (the so-called Mimas "Pac-Man"; Howett et al., 2011a). Fig. 1.11b shows daytime temperatures are lower within this elliptical region, due to a higher thermal inertia (98 ± 42 MKS, vs 34 ± 32 MKS outside the anomaly; Howett et al., 2011a[START_REF] Howett | Bolometric bond albedo and thermal inertia maps of Mimas[END_REF]. As on Tethys, this anomaly is most likely caused by high-energy electron altering the surface [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Paranicas | The lens feature on the inner saturnian satellites[END_REF][START_REF] Nordheim | The near-surface electron radiation environment of Saturn's moon Mimas[END_REF]Howett et al., 2018;[START_REF] Howett | Bolometric bond albedo and thermal inertia maps of Mimas[END_REF].

Inner icy satellite formation and age

There are three leading models, each with different variants and caveats, of the formation of Saturn's inner icy moons. First, they may have formed in place about 4.5 Ga years ago, within Saturn's subnebula; this model cannot, however, explain the variations in density between satellites (e.g. Mosqueira and Estrada, 2003a,b;[START_REF] Canup | A common mass scaling for satellite systems of gaseous planets[END_REF]. Second, they may have formed from a larger ring system [START_REF] Charnoz | Accretion of Saturn's mid-sized moons during the viscous spreading of young massive rings: Solving the paradox of silicatepoor rings versus silicate-rich moons[END_REF], itself originating from the disruption of a large satellite entering the Roche zone of Saturn (e.g. [START_REF] Canup | Origin of Saturn's rings and inner moons by mass removal from a lost Titan-sized satellite[END_REF]. Third, they may have formed from the reaccretion of debris from a collision between two satellites [START_REF] Sekine | Giant impacts in the Saturnian system: A possible origin of diversity in the inner mid-sized satellites[END_REF][START_REF] Asphaug | Late origin of the Saturn system[END_REF][START_REF] Ćuk | Dynamical evidence for a late formation of Saturn's moons[END_REF][START_REF] Hyodo | Dynamical Evolution of the Debris Disk after a Satellite Catastrophic Disruption around Saturn[END_REF]. The accretion from rings and from debris models can both be compatible with very young icy satellites, whereas the subnebula model implies old satellites. However, the age of the icy moons of Saturn is remarkably difficult to constrain.

Various clues indicate that the inner mid-sized icy satellites of Saturn could be relatively young, of the order of 100 million years old. More specifically, these clues include Saturn's low tidal Q implying a fast orbital expansion of the satellites (e.g., [START_REF] Lainey | Strong tidal dissipation in Saturn and constraints on Enceladus' thermal state from astrometry[END_REF], high past heat fluxes on Tethys, Dione, and Rhea indicating past resonances between different satellites (e.g., Ćuk et al., 2016), the scarcity of large impact basins on the inner moons compared to Iapetus (e.g., [START_REF] Charnoz | Accretion of Saturn's mid-sized moons during the viscous spreading of young massive rings: Solving the paradox of silicatepoor rings versus silicate-rich moons[END_REF][START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF], the anomalously high heat flow from Enceladus (e.g., [START_REF] Spencer | Enceladus: An Active Ice World in the Saturn System[END_REF], and the low mass and low non-icy contaminant fraction of Saturn's main rings as possible evidence of their youth [START_REF] Iess | Measurement and implications of Saturn's gravity field and ring mass[END_REF]. Together, these observations suggest that the satellites formed either from a large ring system or from reaccretion of collisional debris.

Using crater densities to date the surfaces of Saturn's icy satellites is particularly difficult, as crater statistics in the outer Solar System are not well known (e.g., [START_REF] Zahnle | Cratering rates in the outer Solar System[END_REF]. This is especially true within the Saturn system, where the dominant source of impactors may be planetocentric debris, i.e., objects orbiting Saturn rather than the Sun. Furthermore, secondary and sesquinary (ejecta that escapes into Saturn orbit before re-impacting the surface) impacts may contribute a significant amount of craters on the mid-sized icy satellites [START_REF] Alvarellos | Fates of satellite ejecta in the Saturn system[END_REF][START_REF] Bierhaus | The role of ejecta in the small crater populations on the mid-sized saturnian satellites[END_REF][START_REF] Alvarellos | Fates of satellite ejecta in the Saturn system, II[END_REF][START_REF] Bierhaus | Secondary craters and ejecta across the solar system: Populations and effects on impact-crater-based chronologies[END_REF]. Although crater statistics do not allow absolute aging of the inner icy moons, the presence of several large impact basins such as Mimas's Herschel and Tethys's Odysseus, which likely formed from comets, seems to indicate an ancient (∼ 4 billion years ago) formation (e.g., [START_REF] Kirchoff | Cratering Histories in the Saturnian System[END_REF]. Relative crystalline and amorphous ice fractions near the apparently recent (relative to the rest of the surface) Obatala crater on Rhea lead to an age of ∼450 Ma for this crater, implying that the rest of the surface is significantly older [START_REF] Dalle Ore | Impact craters: An ice study on Rhea[END_REF]. Thus the cratering record, though not robust enough to clearly discern between the old and young satellite models, does point towards old surfaces [START_REF] Kirchoff | Cratering Histories in the Saturnian System[END_REF][START_REF] Castillo-Rogez | Origin and Evolution of Saturn's Mid-Sized Moons[END_REF].

Icy satellite surface processes

The processes that altering the (sub)surfaces of Saturn's icy satellites are summarized hereafter; the depths affected are illustrated in Fig. 1.12.

• Endogenic activity, namely tectonic, cryovolcanic, and relaxation processes, has modified all of Saturn's mid-sized icy satellites to varying degrees, as described above.

Figure 1.12 -Schematic representation of the depths affected by different processes acting on Saturn's icy satellites. When relevant, the hemisphere (leading, LH, or trailing, TH) most affected is indicated.

• Impacts clearly have affected these surfaces throughout their histories, although cratering history in the Saturn system is not robust enough to allow confident surface dating from crater statistics (see discussion above). Heliocentric impactors dominantly affect the leading hemisphere; however, little to no apex-antapex asymmetry impact crater density has been found, implying either crater saturation or a dominantly nonheliocentric impactor population (Kirchoff and [START_REF] Kirchoff | Impact cratering records of the mid-sized, icy saturnian satellites[END_REF][START_REF] Leliwa-Kopystynski | Longitudinal asymmetry of craters' density distributions on the icy satellites[END_REF]Hirata, 2016a;[START_REF] Kirchoff | Cratering Histories in the Saturnian System[END_REF]. Planetocentric impactors would be more uniformly distributed [START_REF] Kirchoff | Cratering Histories in the Saturnian System[END_REF].

• Micrometeoroid impacts likely contribute to the formation of a loose regolith (impact "gardening"), and would dominantly affect the leading hemisphere (e.g., [START_REF] Buratti | Albedo and color maps of the Saturnian satellites[END_REF][START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF]. The Cassini Cosmic Dust Analyzer (CDA; [START_REF] Srama | The Cassini Cosmic Dust Analyzer[END_REF]) measured an important dust population in the ring plane, as well as interplanetary particles [START_REF] Srama | In situ dust measurements in the inner Saturnian system[END_REF][START_REF] Altobelli | Flux and composition of interstellar dust at Saturn from Cassini's Cosmic Dust Analyzer[END_REF]. While these particles very likely affect the satellites' surfaces, this effect is difficult to disentangle from others (in particular E ring particles and high-energy electrons) and has not been clearly observed [START_REF] Szalay | Dust Phenomena Relating to Airless Bodies[END_REF]. Micrometeoroid impacts also introduce non-icy materials to the surface.

• Deposition of E ring particles, which are mainly composed of high-purity water ice from Enceladus's subsurface ocean, bombard the moons of the inner Saturn system [START_REF] Kempf | How the Enceladus dust plume feeds Saturn's E ring[END_REF][START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF]. The mean visual geometric albedos of the inner mid-sized satellites are well correlated with the expected E ring flux at their orbits [START_REF] Verbiscer | Enceladus: Cosmic Graffiti Artist Caught in the Act[END_REF]; infrared water ice band depths [START_REF] Filacchione | Saturn's icy satellites and rings investigated by Cassini-VIMS: III -Radial compositional variability[END_REF] and radar brightness [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF] follow the same trend. E ring brightening affects preferentially the trailing hemisphere of Mimas and the leading hemispheres of Tethys, Dione, and Rhea, and is therefore the likely cause of hemispheric dichotomies (e.g., [START_REF] Hamilton | Origin of Saturn's E Ring: Self-Sustained, Naturally[END_REF][START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Royer | First far-ultraviolet disk-integrated phase curve analysis of Mimas, Tethys and Dione from the Cassini-UVIS data sets[END_REF]Howett et al., 2018), although recent work indicates that the distribution of infalling E ring particles may be more complex [START_REF] Juhasz | Dust Delivery from Enceladus to the Moons of Saturn[END_REF][START_REF] Kempf | Saturn's Diffuse E Ring and Its Connection with Enceladus[END_REF]. E ring material dominantly affects the satellites closest to Enceladus (Mimas, Enceladus itself, and Tethys), whereas as at most millimeter depths are expected on Dione, and less on Rhea [START_REF] Juhasz | Dust Delivery from Enceladus to the Moons of Saturn[END_REF]Hendrix et al., 2018).

• Deposition of Phoebe ring particles are the most likely origin for the dark material on Iapetus and Hyperion (see Section 1.4). It is also a possible origin for the dark material on the trailing hemispheres of Rhea, Dione, and Tethys, although Phoebe dust is expected to be considerably more rare in the inner Saturn system [START_REF] Clark | The surface composition of Iapetus: Mapping results from Cassini VIMS[END_REF].

• Deposition of a dark red material seems to be affecting the trailing hemispheres of Tethys, Dione, and Rhea, and to a lesser degree their leading hemispheres as well as Mimas and Enceladus [START_REF] Clark | Compositional mapping of Saturn's satellite Dione with Cassini VIMS and implications of dark material in the Saturn system[END_REF][START_REF] Stephan | Dione's spectral and geological properties[END_REF][START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF]Hendrix et al., 2018). The nature and origin of this material are not clear; candidates include complex organic dust (tholins) (e.g., Hendrix et al., 2018), nano-sized iron particles [START_REF] Clark | Compositional mapping of Saturn's satellite Dione with Cassini VIMS and implications of dark material in the Saturn system[END_REF][START_REF] Clark | The surface composition of Iapetus: Mapping results from Cassini VIMS[END_REF], and processed salts from the E ring (Hendrix et al., 2018).

• High-energy (MeV) electrons circulating in Saturn's magnetosphere are the best explanation for the thermal inertia anomaly and UV-bright lens-shaped regions on the leading sides of Tethys [START_REF] Howett | PacMan returns: An electron-generated thermal anomaly on Tethys[END_REF][START_REF] Howett | Maps of Tethys' thermophysical properties[END_REF], Mimas (Fig. 1.11b;Howett et al., 2011a[START_REF] Howett | Bolometric bond albedo and thermal inertia maps of Mimas[END_REF], and possibly Dione [START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF]Howett et al., 2018). These MeV electrons penetrate up to centimeter depths into the subsurface, which may lead to physical (sintering, amorphization) and/or chemical (new molecules, coloring) changes detectable both in the UV and in the thermal infrared [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Paranicas | The lens feature on the inner saturnian satellites[END_REF][START_REF] Schaible | High energy electron sintering of icy regoliths: Formation of the PacMan thermal anomalies on the icy Saturnian moons[END_REF]Howett et al., 2018).

• Cold plasma (ions and keV electrons) bombardment would affect preferentially the icy satellites' trailing sides [START_REF] Nordheim | The near-surface electron radiation environment of Saturn's moon Mimas[END_REF]Howett et al., 2018;[START_REF] Verbiscer | Surface Properties of Saturn's Icy Moons from Optical Remote Sensing[END_REF]. Like MeV electrons, keV electrons may affect the structure of the surface (through annealing or sputtering), but as they would only affect the top millimeters of the surface, their effect should often be obscured by other processes such as infalling E ring grains [START_REF] Nordheim | The near-surface electron radiation environment of Saturn's moon Mimas[END_REF]Howett et al., 2018). Radiolysis of silicates and organics by keV electrons may however be reddening and darkening the trailing hemispheres, though this effect is also competing with infalling clean E ring grains, especially for Mimas and Enceladus [START_REF] Hendrix | Mimas' far-UV albedo: Spatial variations[END_REF]Hendrix et al., 2018). Further, cold plasma may play a role in the presence of CO 2 and O 3 on all five inner mid-sized moons [START_REF] Johnson | Sputtering of ice grains and icy satellites in Saturn's inner magnetosphere[END_REF]Hendrix et al., 2018).

• Temperature variations lead to winter adsorption and condensation and summer desorption and sublimation of CO 2 at Rhea's and Dione's poles [START_REF] Teolis | Dione and Rhea seasonal exospheres revealed by Cassini CAPS and INMS[END_REF]. On Iapetus, the long day length and stark temperature contrasts between bright and dark regions lead to thermal migration of water ice (e.g., [START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF]. Thermal stresses likely also modify the structure of the surface, possibly creating stresses and cracks [START_REF] Baragiola | Water ice on outer solar system surfaces: Basic properties and radiation effects[END_REF].

Conclusion

In the last four hundred years, we have progressed from discovering Saturn's icy satellites to investigating their surfaces in detail. The Cassini-Huygens mission, during its 13.5 years in the Saturn system, revealed diverse and complex worlds, interacting with each other and with the rings and magnetosphere of their planet. Yet, the formation and evolution of the icy satellites remains largely mysterious, as contradictory information points to young or old systems. A variety of processes affect the composition and structure of the satellites' surfaces: these processes come into competition both in space (depths and regions) and over time, and their relative contributions are still unconstrained. The thesis work described herein aims to contribute to our understanding of Saturn's icy satellite subsurfaces, informing on their thermal, physical, and compositional properties down to metric depths.

Chapter 2

Microwave remote sensing: from theory to icy satellite observations Microwaves, which can peer under the icy surfaces of Saturn's satellites, offer unique information on their properties, history, and evolution. This chapter begins by reviewing the principles of microwave remote sensing and the way microwaves propagate through matter. We then describe both the active (radar) and passive (radiometry) modes of microwave observations. Finally, this chapter details the microwave radar and radiometry observations of Jupiter's and Saturn's icy satellites. By convention, the microwave region of the electromagnetic spectrum includes wavelengths from 1 mm to 1 m (i.e., frequencies from 300 GHz to 3 GHz; Fig. 2.1). Just beyond the far infrared (also called sub-millimeter), it encompasses the high-frequency end of the radio spectrum: the (confusingly named) Ultra High Frequency (UHF, 0.3-3 GHz), Super High Frequency (SHF, 3-30 GHz), and Extremely High Frequency (EHF, 30-300 GHz) bands. Common uses of microwaves include communication systems, microwave ovens, cellular telephone, TV broadcasting, radar, radio astronomy, and surface remote sensing. The latter three applications are particularly of interest to planetary science.

Principles of microwave remote sensing

Microwave remote sensing observations, which can be both active (radar) and passive (radiometry), offer information complementary to observations at other wavelengths (including UV, optical, and IR). Microwave radiometry measures the passive continuum blackbody emission of an object (e.g., a surface) in the microwave domain, which gives an indication of its thermal, physical, and to some extent compositional properties. Especially at shorter (millimetric) wavelengths, microwave radiometry can also observe gas emission and absorption bands from atmospheres. Radars observe the signal scattered by a medium from a transmitter to a receiver; it informs on the target's geometry and its absorbing and scattering properties. Both active and passive observations can be obtained regardless of target illumination from the Sun. This offers a considerable advantage with respect to UV and optical wavelengths: the possibility to "see" the surface during the night and polar winter.

In the case of planetary bodies with an atmosphere opaque to most wavelengths, microwaves permit to peer through the clouds and haze to examine the surface. This is the case of Venus and Titan, whose surfaces were revealed in unprecedented detail by, respectively, the Magellan Venus Radar Mapper and the Cassini radar/radiometer. Observing the surface is also possible within several infrared windows, although these observations generally include a greater atmospheric contribution: the Cassini VIMS and ISS instruments, for example, mapped Titan's surface in the near-and midinfrared.

Microwave radiometry is also particularly well adapted to the study of very cold objects (∼ 20 -70 K), whose thermal radiation is difficult or impossible to detect in the infrared. Furthermore, in most cases, UV to IR wavelengths only give information on the top few nanometers to millimeters of the surface, although in a few cases meter depths can be probed as well (i.e., with very long observation timescales in polar regions where daily temperature variations are negligible; [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF]. Meanwhile, microwaves can generally penetrate down to several meters under the surface. They can thus access key pages in a surface's history, providing insight into thermal, compositional, and structural variations with depth.

Microwave instruments are, however, hampered by their low spatial resolution, which can only be improved by building large antennas. There are consequently few microwave instruments able to resolve Saturn's icy satellites from Earth. Spaceborne radars and radiometers, which can achieve better resolutions from their proximity to the target, are large and heavy. Their use on space missions has therefore been limited, and the Cassini radar/radiometer is one of the most complex, multi-faceted, and high-performance microwave instruments on any interplanetary mission.

Radar/radiometer antennas

Both radars and radiometers include antennas and receivers but radars differ from radiometers in that they include a transmitter as well. Radar/radiometer antennas can take many different shapes, best suited to their wavelength, polarization, modes of operation, and target. The data used in this thesis were obtained either from the Cassini radar/radiometer, the Karl G. Jansky Very Large Array (VLA), or the Institut de Radioastronomie Millimétrique (IRAM) 30m telescope, which all consist in parabolic dish antennas. The main characteristics of such antennas are described herein.

The gain of an antenna in a given direction is the ratio of the antenna radiation intensity relative to a lossless isotropic antenna. Although the energy radiated or received is maximal at the boresight (the pointing direction), it is generally significant in other directions. The antenna beam pattern G(θ, φ) describes variations of the gain intensity with the azimuth and zenith angles. A schematic representation of a typical beam pattern in given in Fig. 2.2. The beam pattern consists in a Gaussian main beam surrounded by smaller near side lobes. The sidelobes greatly decrease with angular distance from the boresight: these far side lobes are generally much less significant but often not negligeable for radiometry measurements.

The half-power beamwidth β, or full width at half maximum (FWHM), is defined as the angular width at which the magnitude of the radiation intensity is half of its peak value (-3dB on a decibel scale). For a circularly symmetric antenna pattern, the beamwidth β (in radians) is related to the wavelength λ and the antenna diameter D as follows:

β ≈ λ/D antenna (2.1)
The antenna pattern solid angle Ω p describes the equivalent width of the main lobe of the antenna pattern. It is defined as the integral of the normalized beam pattern G(θ, φ) over a sphere [START_REF] Ulaby | Microwave radar and radiometric remote sensing[END_REF]:

Ω p = 4π G(θ, φ)dΩ (2.2)
For a circularly symmetric antenna, Ω p can be approximated as the square of the half-power beamwidth:

Ω p = β 2 = λ 2 D 2 antenna (2.3)
For a real aperture radar or a radiometer, the beamwidth is a good proxy for the resolution of the antenna. Eq. 2.1 implies that, to keep the same resolution, an antenna observing at longer wavelengths must be proportionally larger. Thus Earth-based radio telescopes are among the largest astronomical instruments in the world, with very large single-dish antennas, such as 100-m Green Bank Telescope (GBT) in West Virginia (USA), the 300-m Arecibo telescope in Puerto Rico or Five-hundred-meter Aperture Spherical Telescope (FAST) in China.

Instead of single antenna dishes several kilometers in diameter (impossible to build or steer), equivalent resolutions can be reached with interferometry, a technique also used at optical and infrared wavelengths consisting in combining signal from multiple antennas. By observing the phase difference of the signal received from a single source at each antenna (whose position is known), an interferometer array obtains a synthezied beam, whose half power beamwidth is dependent on the maximum distance between antennas, the baseline D baseline :

β ≈ λ/D baseline (2.4)
The synthetic beamwidth corresponds to the diffraction limit of the interferometer, and therefore to its best possible resolution. The peak sensitivity (in the pointing direction) of the instrument is dependent on the total collecting area of the antenna array. Microwave interferometers used in planetary science include the cm-wavelength Karl G. Jansky Very Large Array (VLA) in New Mexico (USA), the Atacama Large Millimeter/submillimeter Array (ALMA) in the Llano de Chajnantor (Chile), and the Northern Extended Millimeter Array (NOEMA) at the Plateau de Bure (France). Longer baseline

Interactions of microwaves with matter

Before discussing the microwave radar/radiometry observations on Saturn's icy satellites, this section reviews the ways in which electromagnetic waves interact with matter.

Medium electromagnetic properties

We describe the properties of a medium, while focusing on how an electromagnetic wave propagates through them.

The magnetic permeability µ, in Henry per meter (H/m), describes the medium magnetization in the presence of a magnetic field. In practice, all materials considered in this thesis (water ice, tholins, and small quantities of silicates and CO 2 ice) are non-magnetic, and we can consider that µ = µ 0 = 4π × 10 -7 H/m., where µ 0 is the magnetic permeability of vacuum.

The electrical permittivity ε, in Farad per meter (F/m), describes the local redistribution and absorption of charges due to polarization in the presence of an electric field. Its value depends on the composition, structure, porosity, and temperature of the medium, as well as on the considered wavelength. In the frequency domain, it is a complex quantity:

ε = ε ′ -jε ′′ (2.5)
The permittivity of a medium is generally expressed relative to that of the void, ε 0 = 8.85 × 10 -12 F/m. The relative permittivity is therefore given by:

ε r = ε/ε 0 = ε ′ r -jε ′′ r (2.6)
The materials considered herein are all dielectric: they can be polarized by an applied electric field, but do not transport electrical charges (as opposed to electrical conductors). For such media, the real part of the complex relative permittivity is the dielectric constant ε ′ r ; it controls the velocity of electromagnetic waves in the medium and the magnitude of the reflectivity at an interface between two media. The imaginary part of the complex permittivity corresponds to losses due to absorption by the medium, which dissipates this energy as heat. These losses are generally expressed through the loss tangent, which is the ratio between the imaginary and real parts of the permittivity:

tan δ = ε ′′ r /ε ′ r (2.7)
The dielectric properties of a few materials are given in Table 2.1. Freshwater and (even more so) saltwater contain dissolved ions, leading to relatively high conductivity which increases the imaginary part of the permittivity ε ′′ r [START_REF] Mätzler | Thermal Microwave Radiation: Applications for Remote Sensing[END_REF][START_REF] Ulaby | Microwave radar and radiometric remote sensing[END_REF]. High porosity significantly decreases the dielectric constant ε ′ r , with values reaching 1.3 for 80% porosities [START_REF] Mätzler | Microwave permittivity of dry snow[END_REF].

Electromagnetic waves in a homogeneous medium

For an electromagnetic wave propagating in a homogeneous, non-dispersive, stationary, and isotropic medium and assuming a sinusoidal time-varying electric field E with angular frequency ω, the homogeneous wave equation is:

∇ 2 E + ω 2 µε r ε 0 ∂ 2 ∂t 2 E = 0 (2.8) ∇ 2 E + k 2 ∂ 2 ∂t 2 E = 0 (2.9)
Table 2.1 -Dielectric properties of a few representative materials, at frequencies close to that of the Cassini radar/radiometer (13.78 GHz). Water ice, CO 2 ice, tholins, and hematite (an iron oxide) have all been detected in the Saturn system. Note also that a material's dielectric properties can vary significantly with its porosity and degree of compaction.

Material

Frequency (GHz) where the complex wavenumber k is defined as follows:

ε ′ r ε ′′ r (×10 -3 ) tan δ (×10
k = 2π/λ = ω √ µε r ε 0 = β -jα/2 (2.10)
where α is the medium attenuation (or extinction) coefficient in power and β is its propagation, or phase, constant. The solution to the above form of the wave equation, for a plane wave propagating in the ẑ direction, is given by:

E(t, z) = E 0 e jωt e -jkz
(2.11)

E(t, z) = E 0 e j(ωt-βz) e -zα/2
(2.12)

A plane wave is characterized by electric and magnetic fields that are perpendicular to each other, perpendicular to the direction of propagation and have uniform properties in the plane orthogonal to this direction (the wavefront plane). In the far-field domain (far away from the emitting source), waves can be regarded as locally plane.

The amplitude of the electric field decreases exponentially with z as the energy transported by the wave is converted into heat. We thus define the electrical skin depth δ el = 1/α as the depth at which the power of the signal is reduced by a factor of e -1 ≈ 0.37. The electrical skin depth is commonly used as a proxy of the distance to which the wave can propagate into a medium.

A low-loss medium is a high-transparency medium through which an electromagnetic signal of wavelength λ can propagate along great distance (typically >100 wavelengths) before being significantly attenuated. It has a low value of tan δ (< 0.01) and is associated with a large electrical skin depth δ el . In this thesis, only low-loss media composed primarily of water ice (tan δ = 1.3 × 10 -3 ; [START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF] are considered. For such media and assuming all losses are due to absorption (by opposition to losses by scattering), the electrical skin depth is related to the loss tangent, the wavelength λ, and the dielectric constant ε ′ r by the following equation:

δ el = λ 2π √ ε ′ r tan δ (2.13)
We note that, assuming that ε ′ r and tan δ vary little with wavelength (generally true at GHz wavelengths for dielectric media), the electrical skin depth is directly proportional to the wavelength. This illustrates the fact that, the longer the observation wavelength, the deeper under the surface the instrument can probe.

For plane waves, the polarization describes the manner in which the direction of the electric field changes with time. For a wave propagating in the ẑ direction, the electric field vector has a component aligned with each of the x and ŷ axes. The polarization is then described as the phase shift φ between these two components of the electric field:

E = (E 0x x + E 0y ŷe jφ )e j(ωt-βz) e -zα/2
(2.14)

For φ = 0 or π, the x-and y-components are in phase. The electric field has a constant inclination with respect to the x axis: the wave is linearly polarized. For φ = ±π/2, the wave is circularly polarized. However, in most cases, the wave is elliptically polarized and can be described as the superposition of two orthogonal linearly polarized waves, perpendicular and parallel to the plane of incidence (defined as the plane containing the surface normal and the direction of propagation of the wave), as illustrated in Fig. 2.4. A radar or radiometry signal generally examines a surface, which is defined as a transition between two media of different electromagnetic properties, namely a solid medium and air or space, as illustrated in Fig. 2.4. The transmission and reflection of electromagnetic waves at such interfaces are described by the Snell-Descartes law: where θ 0 is the angle of incidence, θ ′ 0 the angle of reflection and θ T the angle of transmission as given in Fig. 2.4. For a perfectly smooth non-magnetic surface, the ratios of reflected power to the incident power, also called the reflectivity Γ, for parallel and perpendicular polarizations, is given by the Fresnel coefficients. Applied to the boundary described in Fig. 2.4 and using the Snell-Descartes law to simplify their expression, they are formulated as follows:

Wave reflection and transmission

θ ′ 0 = θ 0 (2.15) sin θ T sin θ 0 = ε ′ 1 ε ′ 2 (2.16)
Γ ⊥ = cos θ 1 -ε r -sin 2 θ 1 cos θ 1 + ε r -sin 2 θ 1 2 Γ = ε r cos θ 1 -ε r -sin 2 θ 1 ε r cos θ 1 + ε r -sin 2 θ 1 2
(2.17)

At normal incidence, the reflectivity in both polarizations reduces to:

Γ = √ ε r -1 √ ε r + 1 2 (2.18)
Conservation of energy implies that the ratio of the transmitted power to the incident power, also called the transmissivity, is given by:

T ⊥ = 1 -Γ ⊥ T = 1 -Γ (2.19)
Fig. 2.5 illustrates the angular variations of the reflectivity in parallel and perpendicular polarizations, for dielectric constants typical of four different materials. The parallel polarization reflectivity Γ goes to zero at an angle called the Brewster angle θ B , for which all the wave's energy is transmitted into the medium:

θ B = tan -1 ε 2 ε 1 = tan -1 √ ε r (2.20)
In practice, measuring the position of the Brewster angle on a planetary surface can provide a direct measure of its effective dielectric constant.

For a low-loss medium (i.e., ε ′′ r ≪ ε ′ r ), Eq. 2.17-2.20 can be simplified by assuming that the imaginary part of the permittivity is negligible: ε r = ε ′ r . When an electromagnetic wave encounters a particle, the amplitude of scattering changes with particle size a and wavelength λ of the incident wave in the medium of propagation (λ = λ 0 / √ ε r , where λ 0 is the wavelength in vacuum). The monostatic radar backscattering cross-section σ b describes the fraction of an incident wave scattered back towards the direction of incidence. For a spherical particle of radius a, the backscattering efficiency ξ b is [START_REF] Ulaby | Microwave radar and radiometric remote sensing[END_REF]:

Wave scattering

ξ b = σ b πa 2 (2.21)
The three regimes of scattering are briefly described below and illustrated in Fig. 2.6.

• a < λ/4π : For small particle sizes, Rayleigh scattering dominates. In this regime, ξ b varies as (a/λ) 4 , leading to negligible scattering for small particle sizes and long wavelengths. This Rayleigh scattering law is generally valid for a < nλ/4π, where n is the index of refraction between the propagation medium and the particle. Rayleigh scattering of sunlight by the Earth's atmosphere famously gives our sky its blue color and sunsets their red color.

• a ∼ λ: If the particle size is of the same order as the wavelength, scattering enters the Mie regime. Resonance between the particle size and the wavelength leads to oscillations in backscattering efficiency (see Fig. 2.6a). Mie scattering by micrometer-sized dust in Mars's atmosphere is responsible for its blue sunsets.

• a ≫ λ: At particle sizes larger than the wavelength, geometric optics apply. The incident wave is reflected and transmitted at each boundary between the particles and the propagation medium, as described in Section 2.2.3. The wavelength dependence of the angle of scattering by water droplets causes rainbows.

The top few millimeters of icy satellite surfaces are often composed of a loose, fine-grained regolith. Dominant surface particle sizes of the order of tens of µm have been derived for Saturn's icy satellites from infrared band depths and using the Hapke scattering model [START_REF] Newman | Water ice crystallinity and grain sizes on Dione[END_REF][START_REF] Filacchione | Saturn's icy satellites investigated by Cassini-VIMS: II. Results at the end of nominal mission[END_REF][START_REF] Ciarniello | Hapke modeling of Rhea surface properties through Cassini-VIMS spectra[END_REF]. However, such particles sizes have a negligible scattering effect in the microwaves, which are sensitive to greater depths and to larger inhomogeneities. A planetary near subsurface generally consists in an inhomogeneous medium, containing structural and/or compositional variations such as pores or non-icy material inclusions, causing discontinuities in the subsurface. At scales comparable to or larger than the wavelength, Mie and geometric scattering on these discontinuities scatter both incoming radar signals and outgoing thermal emission (radiometry). This subsurface (or volume) scattering thereby increases the backscattered radar signal (both albedo and backscattering cross-section) and decreases the amount of emitted radiation (leading to low emissivities) (e.g., [START_REF] Hewison | Airborne retrievals of snow and ice surface emissivity at millimeter wavelengths[END_REF][START_REF] Lellouch | The long-wavelength ther-mal emission of the Pluto-Charon system from Herschel observations. Evidence for emissivity effects[END_REF][START_REF] Lellouch | The thermal emission of Centaurs and trans-Neptunian objects at millimeter wavelengths from ALMA observations[END_REF]. Volume scattering thus further amplifies the anti-correlation between radar and radiometry data implied by Kirchhoff's thermal radiation law (Eq. 2.32). Volume scattering is most significant in weakly absorbing media such as water ice, where the long photon path length increases the number of opportunities for reflection.

Subsurface scattering

Multiple subsurface scattering can lead to exceptionally high reflectivities, both at optical and radar wavelengths depending on the scattering structures' size. This process is described by the Coherent Backscattering Effect (CBE) (also called the Coherent Backscattering Opposition Effect, or CBOE, at optical wavelengths), which was initially invoked to explain opposition peaks in the optical (e.g., [START_REF] Mackintosh | Coherent backscattering of light in the presence of timereversal-noninvariant and parity-nonconserving media[END_REF][START_REF] Mishchenko | Enhanced backscattering of polarized light from discrete random media: calculations in exactly the backscattering direction[END_REF][START_REF] Mishchenko | Electromagnetic scattering by spheroidal volumes of discrete random medium[END_REF]. The CBE was first applied to microwave observations of Jupiter's moons by [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF], and was later refined by laboratory, numerical, analytical, and observational studies (e.g., [START_REF] Hapke | Coherent backscatter model for the unusual radar reflectivity of icy satellites[END_REF][START_REF] Peters | Coherent-backscatter effect: A vector formulation accounting for polarization and absorption effects and small or large scatterers[END_REF]Black et al., 2001b;[START_REF] Dlugach | Numerical simulations of single and multiple scattering by fractal ice clusters[END_REF][START_REF] Pitman | Coherent backscattering effect in spectra of icy satellites and its modeling using multi-sphere T-matrix (MSTM) code for layers of particles[END_REF]. The CBE argues that multiple scattering by randomly oriented dielectric inhomogeneities embedded within a lowabsorption medium creates an opposition effect, which increases scattering back towards the source of the incident wave (i.e., toward the radar transmitter). For coherent backscattering to be effective, the scattering inhomogeneities must be about wavelength-sized, and separated by distance of the order of a wavelength [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF][START_REF] Peters | Coherent-backscatter effect: A vector formulation accounting for polarization and absorption effects and small or large scatterers[END_REF]Black et al., 2001b).

A subsurface may also contain ordered rather than random structures, which can change its radar and radiometric properties. Possible ordered subsurface structures similarly-sized round pebbles (such as on a riverbed; e.g., [START_REF] Gall | Radar-bright channels on Titan[END_REF], buried craters [START_REF] Eshleman | Radar Glory from Buried Craters on Icy Moons[END_REF], or buried ice pipes [START_REF] Rignot | Backscatter model for the unusual radar properties of the Greenland Ice Sheet[END_REF]. Vertical stratification can be important, especially on Earth where precipitation is important (adding horizontally uniform layers), but also on airless bodies where porosity can vary with depth, or where past events (impacts, endogenic activity) can be buried by a loose regolith (e.g., [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF]. Radiative transfer models and emissivity have been proposed to simulate the effects of scattering within solid surfaces (e.g., [START_REF] Kuga | Millimeter-wave radar scattering from snow 1. Radiative transfer model[END_REF][START_REF] Wiesmann | Microwave Emission Model of Layered Snowpacks[END_REF][START_REF] Mishchenko | Bidirectional reflectance of flat, optically thick particulate layers: an efficient radiative transfer solution and applications to snow and soil surfaces[END_REF][START_REF] Moroz | Improvement of Mishchenko's T-matrix code for absorbing particles[END_REF][START_REF] Liang | The Effects of Layers in Dry Snow on Its Passive Microwave Emissions Using Dense Media Radiative Transfer Theory Based on the Quasicrystalline Approximation (QCA/DMRT)[END_REF][START_REF] Ulaby | Microwave radar and radiometric remote sensing[END_REF] on the outgoing radiation.

While the exact size of subsurface inhomogeneities cannot easily be constrained from radar and radiometry data, they must generally be larger than λ/4π to cause significant scattering. Section 2.5 describes microwave observations of outer Solar System icy satellites, and how volume scattering is invoked to explain both the passive and active data.

Radars for planetary exploration

The term radar is originally an acronym for RAdio Detection And Ranging. The basic principle of a radar is to emit a radio signal from a transmitter, and measure the signal scattered by the target toward a receiver. The transmitter and receiver can be at different positions (bistatic radar) or use the same antenna system (monostatic radar). Even though radar technology was originally used mainly for military purposes, such as aircraft detection and ranging, it has since been widely applied to remote sensing for scientific purposes.

Types of radars used in planetary exploration

Radars have a wide range of possible applications, including within planetary science. The basic information that a radar can provide is an object's or surface's position (in the antenna pointing direction, at a range determined by the light travel time), speed (by measuring the shift in frequency due to the Doppler effect), and radar scattering cross section in different polarizations (by comparing the amplitude of the emitted and received signals). Shorter wavelengths are sensitive to shallower depths into a medium, and to smaller scales of surface roughness (i.e., topographic variations at the scale of the wavelength). Depending on their application, radars can operate from the ground or from an airborne or spaceborne platform.

Ground-based radar

During the 1940s to 1960s, radar echos were obtained from Mars, Venus, Mercury, and the Moon, enabling for instance precise calculation of Venus's and Mercury's rotation state (e.g., [START_REF] Dyce | Radar determination of the rotations of Venus and Mercury[END_REF], a fourth test of General Relativity [START_REF] Shapiro | Fourth Test of General Relativity: Preliminary Results[END_REF], and early mapping of the Moon in preparation for the Apollo missions. Radar observations have been obtained for all planets and large moons up to the Saturn system, providing clues to the structure and composition of their near subsurfaces (e.g., [START_REF] Neish | Chapter 53 -Planetary Radar[END_REF]). Saturn's rings have also been observed from ground-based radars at several wavelengths and ring plane tilt angles, revealing high-purity water ice particles of sizes of the order of a meter (e.g., [START_REF] Goldstein | Radar Observations of the rings of Saturn[END_REF][START_REF] Cuzzi | Saturn's rings: Particle composition and size distribution as constrained by microwave observations: I. Radar observations[END_REF][START_REF] Ostro | Radar observations of Saturn's rings at intermediate tilt angles[END_REF][START_REF] Nicholson | Radar imaging of Saturn's rings[END_REF][START_REF] Zhang | VLA multi-wavelength microwave observations of Saturn's C and B rings[END_REF]. The Arecibo radar system and Goldstone Solar System Radar (GSSR) are especially useful for planetary exploration, and can map (using Synthetic Aperture Radar processing) the surface of the Moon at ∼200-400-m resolutions [START_REF] Campbell | Focused 70-cm Wavelength Radar Mapping of the Moon[END_REF][START_REF] Campbell | Improved discrimination of volcanic complexes, tectonic features, and regolith properties in Mare Serenitatis from Earth-based radar mapping[END_REF], and those of the inner planets at ∼km resolutions [START_REF] Carter | Impact crater related surficial deposits on Venus: Multipolarization radar observations with Arecibo[END_REF][START_REF] Harmon | Radar imagery of Mercury's putative polar ice: 1999-2005 Arecibo results[END_REF][START_REF] Harmon | Arecibo radar imagery of Mars: The major volcanic provinces[END_REF]. These data have for instance revealed water ice in Mercury's permanently shadowed polar craters (Fig. 2.8b; [START_REF] Harmon | High-Resolution Radar Imaging of Mercury's North Pole[END_REF][START_REF] Harmon | Radar imagery of Mercury's putative polar ice: 1999-2005 Arecibo results[END_REF], buried structures on the Moon [START_REF] Campbell | Improved discrimination of volcanic complexes, tectonic features, and regolith properties in Mare Serenitatis from Earth-based radar mapping[END_REF], and dust and lava deposits on Mars (Fig. 2.8c; [START_REF] Harmon | Arecibo radar imagery of Mars: The major volcanic provinces[END_REF][START_REF] Harmon | Arecibo radar imagery of Mars: II. Chryse-Xanthe, polar caps, and other regions[END_REF]. The Arecibo radar system measured the polarization properties of Venus's surface, revealing likely buried rough surfaces and mantling by impact ejecta [START_REF] Carter | Impact crater related surficial deposits on Venus: Multipolarization radar observations with Arecibo[END_REF][START_REF] Campbell | Evidence for crater ejecta on Venus tessera terrain from Earth-based radar images[END_REF]. Earth-based radar systems have also proved to be particularly valuable in the study of small bodies, allowing determination of the orbit, rotation, and shape of comets and asteroids with Doppler imaging (e.g., [START_REF] Ostro | Radar observations of asteroids and comets[END_REF].

Oblique-looking radars: Real and Synthetic Aperture Radar

For spaceborne radars observing at oblique incidence, smooth surfaces reflect the signal in a different direction and therefore appear dark, while rough surfaces show up as bright features. Real Aperture Radar (RAR) examines the signal returned from the whole footprint of the beam pattern. RAR systems can yield low-resolution imaging, but are also used on Earth to measure wave heights, wind speed, or rain rate, among other applications [START_REF] Ulaby | Microwave radar and radiometric remote sensing[END_REF]. A RAR system used as a scatterometer measures the radar scattering coefficient for a variety of incidence angles.

When observing at oblique angles, examining the return time and the Doppler delay (due to the relative movement between the target and the spacecraft) of a modulated signal can allow a significant improvement in the along-track resolution, a technique called Synthetic Aperture Radar (SAR). SAR processing allows high-resolution imaging, and has been used extensively on Earth as well as on Venus and Titan, whose atmospheres are opaque to optical and most infrared wavelengths. SAR images acquired at different polarizations and incidence angles can inform on surface composition, roughness, and slope (and to a lesser extent, on the subsurface properties). SAR images of Solar System bodies have been obtained from Earth (as mentioned above) as well as from dedicated instruments aboard spacecraft.

Venus's optically opaque atmosphere is transparent to radar wavelengths, which therefore permit a characterization of surface properties. After initial radar exploration by Pioneer Venus (NASA, 1978) and Venera 15 and 16 (Lavochkin, 1982), the Magellan mission (NASA, 1990(NASA, -1994) ) focused primarily on SAR imaging. The Magellan Radar Mapper mapped 98% of Venus's surface at a wavelength of 12.6 cm and a resolution of 150 m, revealing varied and extensive volcanic activity (Fig. 2.8a), as well as signs of tectonism (Fig. 2.8a), mass wasting, aeolian processes (dunes, wind streaks, yardangs), and a sparsity of impact craters [START_REF] Saunders | Magellan mission summary[END_REF]. The Magellan mission also obtained crucial information on topography and dielectric properties (e.g., [START_REF] Campbell | Merging Magellan emissivity and SAR data for analysis of Venus surface dielectric properties[END_REF]. Both the VERITAS and EnVision missions recently proposed and (pre)selected respectively in the NASA Dis- covery and ESA Cosmic Vision (M5) programs include advanced radar for surface characterization (e.g., [START_REF] Hensley | VISAR: A next generation interferometric radar for venus exploration[END_REF][START_REF] Ghail | EnVision: understanding why our most Earth-like neighbour is so different[END_REF].

Titan, which also has a thick and optically opaque atmosphere, is similarly a natural target for radar exploration. The Titan Radar Mapper on board the Cassini mission conducted SAR, altimetry, and scatterometry observations. It was designed primarily to explore Titan's surface [START_REF] Elachi | Radar: The Cassini Titan Radar Mapper[END_REF], and successfully mapped 45% of it at ≤ 1 km/pixel resolution [START_REF] Lopes | Titan as Revealed by the Cassini Radar[END_REF], while also examining Saturn's rings and its icy satellites. An example SAR image of Titan's second largest hydrocarbons sea, Ligeia Mare, is pictured in Fig. 2.9b. Cassini radar observations of Titan and other Saturnian satellites are further discussed in Section 2.5.

The Mini-SAR and Mini-RF radars aboard the Chandrayaan-1 (ISRO) spacecraft and the Lunar Reconnaissance Orbiter (LRO, NASA) respectively, operating at 4.2 and 12.6 cm, have mapped the Moon (including its far side and polar regions, inaccessible to ground-based radars) in left and right circular polarizations [START_REF] Spudis | Mini-SAR: an imaging radar experiment for the Chandrayaan-1 mission to the Moon[END_REF][START_REF] Nozette | The Lunar Reconnaissance Orbiter Miniature Radio Frequency (Mini-RF) Technology Demonstration[END_REF]. Among other results, these data allowed confirmation of water ice at the poles [START_REF] Spudis | Evidence for water ice on the Moon: Results for anomalous polar craters from the LRO Mini-RF imaging radar[END_REF], characterization of surficial structures [START_REF] Neish | The surficial nature of lunar swirls as revealed by the Mini-RF instrument[END_REF], and detection of buried impact melts (Fig. 2.8d and [START_REF] Carter | Initial observations of lunar impact melts and ejecta flows with the Mini-RF radar[END_REF].

Nadir-looking radars: radar altimeters and sounding radars A radar altimeter observes at nadir (i.e., at 0 • incidence) and measures the signal travel time with high precision and accuracy, in order to assess the range between the instrument antenna and the target, thereby giving access to surface topography. In this geometry of observation, smooth surfaces return especially high echoes, while rough or inclined surfaces scatter the signal away from the radar. Most imaging radars aboard spacecraft (including the Magellan and Cassini radars) can operate as altimeters and obtain topography profiles.

If the wavelength is long enough to penetrate into the surface material (>m wavelengths into some solid soils; cm wavelengths into ice and liquid hydrocarbons), it becomes possible to examine the vertical structure of the subsurface. These sounding, or ground-penetrating, radars (GPR) are especially useful in high-transparency media (i.e., with a large skin depth and a low loss tangent) such as water ice. GPRs can be either space-borne or operate directly on the surface. In order to probe down to kilometer depths, sounding radars often operate at radio wavelengths; the applications of these instruments is summarized herein.

Sounding radars have been used on the Moon since the Apollo 17 mission, which included two such instruments designed to investigate the electromagnetic and structural properties of the top kilometer of the lunar subsurface: SEP (Surface Electrical Properties Experiment) and ALSE (Apollo 17 Lunar and Sounder Experiment), operating at wavelengths of 2-60 meters (e.g., [START_REF] Olhoeft | Dielectric properties of the first 100 meters of the Moon[END_REF]. The SEP data showed a lack of subsurface water and a porosity decreasing with depth [START_REF] Simmons | Final Technical Report on the Surface Electrical Properties Experiment[END_REF], while ALSE provided accurate topography [START_REF] Elachi | Local lunar topography from the Apollo 17 Alse radar imagery and altimetry[END_REF]. The 2007 SE-LENE (JAXA) spacecraft also carried a 60-m (5 MHz) lunar radar sounder (LRS; [START_REF] Ono | Instrumentation and observation target of the Lunar Radar Sounder (LRS) experiment onboard the SELENE spacecraft[END_REF], which investigated subsurface structures and found hidden lava tubes down to a depth of 1 km [START_REF] Pommerol | Detectability of subsurface interfaces in lunar maria by the LRS/SELENE sounding radar: Influence of mineralogical composition[END_REF][START_REF] Kaku | Detection of intact lava tubes at Marius Hills on the Moon by SELENE (Kaguya) Lunar Radar Sounder[END_REF]. The Chang'E 3 and 4 rovers (CNSA) both included a GPR (the Lunar Penetrating Radar, LPR, Fang et al., 2014) operating at 5, 15, and 150 MHz (60, 20, and 0.6 m wavelengths). These missions identified and characterized the lunar porous and granular regolith and underlying terrains, including on the far side of the Moon (e.g., [START_REF] Xiao | A young multilayered terrane of the northern Mare Imbrium revealed by Chang'E-3 mission[END_REF][START_REF] Dong | Parameters and structure of lunar regolith in Chang'E-3 landing area from lunar penetrating radar (LPR) data[END_REF][START_REF] Li | The Moon's farside shallow subsurface structure unveiled by Chang'E-4 Lunar Penetrating Radar[END_REF].

Similarly to the Moon, most radar exploration of Mars has been undergone by sounding radars. More specifically, MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) on Mars express (ESA) operated at 1.5-5.5 MHz frequencies (55-230 m) [START_REF] Jordan | The Mars express MARSIS sounder instrument[END_REF], and SHARAD (the Mars SHAllow RADar sounder) on the Mars Reconnaissance Orbiter (MRO, NASA) at 20 MHz (15 m) [START_REF] Seu | SHARAD sounding radar on the Mars Reconnaissance Orbiter[END_REF], both of which are outside the common definition of microwaves. Among other results, these instruments revealed the layered structure of Mars' ice caps (shown in Fig. 2.9) and helped quantify the volatile inventory on Mars (e.g., [START_REF] Phillips | Mars North Polar Deposits: Stratigraphy, Age, and Geodynamical Response[END_REF][START_REF] Selvans | Internal structure of Planum Boreum, from Mars advanced radar for subsurface and ionospheric sounding data[END_REF]. The Mars 2020 (NASA) and ExoMars (ESA) rovers, expected to launch in 2020 and 2022 respectively, both include GPRs: RIMFAX (the Radar Imager for Mars' Subsurface Experiment) and WISDOM (Water Ice and Subsurface Deposit Observation on Mars), which will characterize the subsurface at depths of 3-10 m [START_REF] Hamran | RIMFAX: A GPR for the Mars 2020 rover mission[END_REF][START_REF] Ciarletti | The WISDOM Radar: Unveiling the Subsurface Beneath the ExoMars Rover and Identifying the Best Locations for Drilling[END_REF].

The Rosetta mission (ESA) included a unique bistatic radar sounder (the Comet Nucleus Sounding Experiment by Radiowave Transmission, CONSERT), which transmitted a signal from the Philae lander, through the comet nucleus, and to the Rosetta spacecraft [START_REF] Kofman | The Comet Nucleus Sounding Experiment by Radiowave Transmission (CONSERT): A Short Description of the Instrument and of the Commissioning Stages[END_REF]. This experiment revealed a low dielectric constant (∼1.27), indicative of a very high porosity, increasing with depth [START_REF] Kofman | Properties of the 67P/Churyumov-Gerasimenko interior revealed by CONSERT radar[END_REF][START_REF] Ciarletti | CONSERT suggests a change in local properties of 67P/Churyumov-Gerasimenko's nucleus at depth[END_REF].

Finally, the Cassini radar included an altimetry mode, providing topography with a vertical resolution of the order of meters. [START_REF] Mastrogiuseppe | The bathymetry of a Titan sea[END_REF] and [START_REF] Mastrogiuseppe | Radar Sounding Using the Cassini Altimeter: Waveform Modeling and Monte Carlo Approach for Data Inversion of Observations of Titan's Seas[END_REF] revealed that radar sounding was also possible with the Cassini radar altimeter through Titan's hightransparency liquid methane/ethane lakes and seas. This novel analysis of the Cassini radar altimetry allowed these authors to calculate the depth and methane/ethane content of several seas of Titan, as shown in Fig. 2.9b [START_REF] Mastrogiuseppe | The bathymetry of a Titan sea[END_REF][START_REF] Mastrogiuseppe | Bathymetry and composition of Titan's Ontario Lacus derived from Monte Carlo-based waveform inversion of Cassini RADAR altimetry data[END_REF].

Fundamental radar equation

The present manuscript hereafter concentrates on monostatic real aperture radar observations, whose basic principles are described below. These concepts will be applied to Cassini radar observations in Chapter 3 (Section 3.3).

In a monostatic mode of operation, the radar measures the amount of energy scattered back ("backscattered") toward it. A radar antenna transmits a signal of power P t , which is backscattered by a point source towards the receiver, which measures a return power P r . A point target is a target whose physical dimensions are such that the solid angle it subtends (from where the radar is located) is much smaller than the solid angle of the radar beam. The received power is then related to the target range and characteristics as described by the point target monostatic radar equation [START_REF] Ulaby | Microwave radar and radiometric remote sensing[END_REF]:

P r = P t G 2 λ 2 (4π) 3 R 4 σ (2.22)
where G is the gain of the antenna (squared because the wave is emitted then received by the antenna), λ is the instrument's operating wavelength, R is the range to the target, and σ is the target radar crosssection (RCS) in m 2 . The monostatic radar equation for a point target can be extended to a distributed target (such as a planetary surface) by integrating the backscattered power over the illuminated area A:

P r (θ eff ) = A P t G 2 (dA)λ 2 (4π) 3 R 4 (dA) σ 0 (dA)dA (2.23)
where G(dA) is the gain of the antenna pattern at surface element dA, and R(dA) is the range to that surface element. θ eff is the effective incidence angle over the antenna footprint, relative to normal incidence. The normalized radar cross-section (NRCS) σ 0 , also called the backscattering coefficient, represents the ability of an object or a surface to backscatter the received signal with respect to an isotropic surface. More specifically, it is defined as the ratio of the energy received by the sensor over the energy that the sensor would have received if the target/surface had backscattered the energy incident on it in an isotropic fashion. It depends on the observation geometry, polarization, and wavelength but also on the surface properties and is thus of high interest to investigate the surface variations in terms of composition and texture. SAR and RAR are primarily designed to map σ 0 variations across a surface.

In a RAR observation, the antenna observes a planetary surface at an oblique incidence angle, with the antenna beam pattern projected onto the surface (see Fig. 2.3). The variations in antenna gain and range to target within this area can be predicted; however, variations in σ 0 being unknown and inaccessible to measurement, it is replaced by its weighted average over the footprint, σ 0 avg :

σ 0 avg = A g 2 (dA)σ 0 (dA)dA R 4 (dA) A g 2 (dA)dA R 4 (dA) (2.24)
where g(dA) is the normalized gain of the antenna pattern. We then obtain the following form of the radar equation [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF]:

P r = P t G 2 λ 2 (4π) 3 σ 0 avg A g 2 (dA)dA R 4 (dA) (2.25)
σ 0 avg is derived for each observation from the measured received power knowing the geometry, the transmitted power, and the antenna gain.

Radar albedo

Ground-based radars such as the Arecibo telescope and the GSSR cannot resolve Saturn's satellites, and instead measure a disk-integrated radar albedo, which is a measure of how reflective the surface of the target's visible hemisphere is in the backscatter direction compared to a reference surface. More specifically, the radar albedo is a dimensionless quantity derived by normalizing the radar cross section σ of a target by its projected geometric area. By definition, a perfectly reflective and isotropic surface (such as a smooth metallic sphere) has a radar albedo of 1. The radar albedo of a surface can exceed unity if the surface or, more accurately, if the depths probed at the operating wavelength, are such that the radar waves are preferentially scattered back toward their source (i.e., in the backscatter direction). Radar albedos measured by the Cassini radar are discussed in Chapter 3 (Section 3.2) Depending on the polarization of the electromagnetic wave sent and received by the radar, which can be linear or circular, in the same or opposite sense, four different polarizations can be measured. For conciseness, we use the following common abbreviations: A TP for total power albedo, OC and S C for opposite-and same-sense circular polarization, and OL and S L for opposite-and same-sense linear polarization, with A TP = A SC + A OC = A SL + A OL . An ideal metal sphere would yield A TP = 1 and A SC = A OL = 0 [START_REF] Kofman | Radar Signal Propagation and Detection Through Ice[END_REF][START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF]. The circular and linear polarization ratios µ C and µ L are then given as follows:

µ C = A SC /A OC (2.26) µ L = A OL /A SL (2.27)
Rocky bodies typically have total power albedos of A TP ∼ 0.1, and low circular polarization ratios near µ C ∼ 0.3, caused by a strong direct reflection relative to scattering by the surface and subsurface [START_REF] Kofman | Radar Signal Propagation and Detection Through Ice[END_REF].

Microwave radiometry

A microwave radiometer measures the thermal emission from a source in the microwave domain. In addition to insights into the structure and composition, it thus provides clues on the thermal properties of a planetary surface and near-surface, which are not accessible to an active radar.

Planetary exploration with microwave radiometry

Radiotelescopes

Radiotelescopes, thanks to which the cosmic microwave background (CMB) radiation at 2.7 K was discovered [START_REF] Penzias | A Measurement of Excess Antenna Temperature at 4080 Mc/s[END_REF], are able to measure very high redshift radiation from the early universe, and are therefore widely used in cosmology. They are also especially useful to study strong radio sources such as pulsars, quasars and masers, although most stars and galaxies also emit at radio frequencies. Radiotelescopes are also powerful tools to explore the Solar System, as detailed herein.

Spectrometry and atmospheric sounding

At millimeter wavelengths, microwave spectrometry allows the detection of absorption and emission lines, rather than passive thermal emission. In planetary science, sub-mm to mm wavelength spectrometry has thus been used to derive atmospheric constituent abundances on Venus, Mars, Titan, Io, Pluto, and the giant planets (e.g., [START_REF] Pollack | Venus: Determination of atmospheric parameters from the microwave spectrum[END_REF][START_REF] Shah | Measurement of winds in Venus' upper mesosphere based on doppler shifts of the 2.6-mm 12CO line[END_REF][START_REF] Muhleman | Microwave spectroscopy of the Mars atmosphere[END_REF][START_REF] Fouchet | Interferometric millimeter observations of water vapor on Mars and comparison with Mars Express measurements[END_REF]Lellouch et al., 2017a[START_REF] Lellouch | An intense thermospheric jet on Titan[END_REF]. Microwave radiometry observations have also examined atmospheric opacity on the giant planets, ever since their detection in the 1950s and increasingly as radiotelescopes and interferometers improved (Janssen et al., 2013, and references therein).

Radiometers on spacecraft have further pursued atmospheric characterization. Thus the Cassini radiometer has been used to observe Saturn's atmosphere [START_REF] Janssen | Saturn's thermal emission at 2.2-cm wavelength as imaged by the Cassini {RADAR} radiometer[END_REF] as well as Jupiter's [START_REF] Moeckel | A re-analysis of the Jovian radio emission as seen by Cassini-RADAR and evidence for time variability[END_REF]. The Juno (ESA) mission to Jupiter carries a microwave radiometer (MWR) designed to study Jupiter's deep atmosphere, especially the abundance of ammonia [START_REF] Janssen | MWR: Microwave Radiometer for the Juno Mission to Jupiter[END_REF]Li et al., 2017). The New Horizons (NASA) spacecraft is equipped with a 4.2-cm radiometer (REX, Tyler et al., 2009), which measured the surface pressure and the low-altitude temperature structure of Pluto's atmosphere [START_REF] Hinson | Radio occultation measurements of Pluto's neutral atmosphere with New Horizons[END_REF]. The Rosetta (ESA) mission to comet 67P Churyumov-Gerasimenko carried a microwave spectrometer/radiometer (the Microwave Instrument for the Rosetta Orbiter, MIRO; [START_REF] Gulkis | Microwave Instrument for Rosetta Orbiter[END_REF], which included a sub-mm band (0.5 mm) and a microwave band (1.6 mm). MIRO permitted identification of parent molecules in the comet [START_REF] Biver | Long-term monitoring of the outgassing and composition of comet 67P/Churyumov-Gerasimenko with the Rosetta/MIRO instrument[END_REF].

Because the work presented herein focuses on microwave remote sensing of icy surfaces, both microwave spectrometry and atmospheric sounding will not be described in more detail.

Surface thermal and physical properties

Radiometers can detect the surface thermal emission of satellites and rocky planets, which can provide indications of the surface temperature, thermal inertia, bolometric albedo, emissivity, dielectric constant, structure, and composition (depending on the complementary information obtained from other wavelengths or active radar observations). Such studies have been conducted from Earth-based radiotelescopes at a variety of microwave wavelengths on Mercury (e.g., [START_REF] Morrison | Thermal models and microwave temperatures of the planet Mercury[END_REF][START_REF] Mitchell | Microwave Imaging of Mercury's Thermal Emission at Wavelengths from 0.3 to 20.5 cm[END_REF], Venus (e.g., [START_REF] Pollack | The microwave phase effect of Venus[END_REF][START_REF] Kuzmin | Venus[END_REF][START_REF] Butler | Accurate and Consistent Microwave Observations of Venus and Their Implications[END_REF], Mars (e.g., [START_REF] Morrison | Martian temperatures and thermal properties[END_REF][START_REF] Cuzzi | The microwave spectrum and nature of the subsurface of Mars[END_REF], the Moon (e.g., [START_REF] Piddington | Microwave Thermal Radiation from the Moon[END_REF][START_REF] Heiles | The polarization and intensity of thermal radiation from a planetary surface[END_REF]White andCogdell, 1973), comets (de Pater et al., 1998), asteroids (e.g., [START_REF] Webster | On the wavelength dependence of apparent emissivity of asteroid microwave emissions -Ceres and Vesta[END_REF][START_REF] Redman | High-Quality Photometry of Asteroids at Millimeter and Submillimeter Wavelengths[END_REF][START_REF] Leyrat | Thermal properties of (4) Vesta derived from Herschel measurements[END_REF], Saturn's rings as shown in Fig. 2.10 (e.g., [START_REF] Cuzzi | Saturn's rings: Particle composition and size distribution as constrained by observations at microwave wavelengths: II. Radio interferometric observations[END_REF][START_REF] De Pater | Multifrequency radio observations of Saturn at ring inclination angles between 5 and 26 degrees[END_REF][START_REF] Zhang | VLA multi-wavelength microwave observations of Saturn's C and B rings[END_REF], Pluto [START_REF] Altenhoff | First radio astronomical estimate of the temperature of Pluto[END_REF], and outer Solar System satellites (discussed in Section 2.5). Millimeter observations of Kuiber Belt Objects (KBOs) and Centaurs have also been conducted using ALMA, allowing the derivation of their size, thermal inertia, and emissivity (e.g., [START_REF] Lellouch | The thermal emission of Centaurs and trans-Neptunian objects at millimeter wavelengths from ALMA observations[END_REF][START_REF] Gerdes | Discovery and Physical Characterization of a Large Scattered Disk Object at 92 au[END_REF][START_REF] Brown | The Density of Mid-sized Kuiper Belt Objects from ALMA Thermal Observations[END_REF].

There have been few dedicated microwave radiometers; however, many radar instruments on space missions, such as the Magellan and Cassini radars, incorporate a radiometer using the same receiving antenna. Spaceborne radiometers have two considerable advantages over earth-based radiotelescopes: higher resolutions and the possibility for observations of regions and local times invisible from Earth. Night-time observations of outer Solar System objects are inaccessible from Earth, and are crucial to accurately constrain their thermal properties.

The first radiometer ever sent to another planet than Earth was on board Mariner 2, which encountered Venus in December 1962. The Mariner 2 microwave radiometer confirmed the high temperatures observed from ground-based radio-telescope and showed conclusively that the surface of Venus was hot, ruling out an ionosphere origin for the surprisingly high measured thermal emission [START_REF] Pollack | An Analysis of the Mariner 2 Microwave Observations of Venus[END_REF]. Later (1990Later ( -1994)), in its passive mode, the Magellan radar mapped Venus's thermal emission at resolutions varying from 15 to 85 km [START_REF] Pettengill | Venus surface radiothermal emission as observed by Magellan[END_REF].

Microwave radiometry of the Moon from space has only been conducted by the Chang'E 1 and 2 (CNSA) probes, which for instance identified variations in thermal properties associated with Titanium abundance (e.g., [START_REF] Fa | A primary analysis of microwave brightness temperature of lunar surface from Chang-E 1 multi-channel radiometer observation and inversion of regolith layer thickness[END_REF][START_REF] Gong | Inversion of Dielectric Properties of the Lunar Regolith Media With Temperature Profiles Using Chang'e Microwave Radiometer Observations[END_REF][START_REF] Zhu | Analysis of the brightness temperature features of the lunar surface using 37 GHz channel data from the Chang'E-2 microwave radiometer[END_REF].

The MIRO instrument on the Rosetta mission measured the night-time surface temperature (Fig. 2.10), revealing very low temperatures (25-50 K) and thermal inertias (10-30 MKS) [START_REF] Choukroun | Dark side of comet 67P/Churyumov-Gerasimenko in Aug.-Oct. 2014 -MIRO/Rosetta continuum observations of polar night in the southern regions[END_REF][START_REF] Schloerb | MIRO observations of subsurface temperatures of the nucleus of 67P/Churyumov-Gerasimenko[END_REF].

Finally, the Cassini radiometer examined Titan [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF]), Saturn's rings (Zhang et al., 2017b,a), and its icy satellites (Section 2.5 and Chapters 4 and 6). 

Thermal emission from a surface and near subsurface

Thermal emission from a surface Planetary bodies are primarily heated by electromagnetic radiation from the Sun. Kirchhoff's law of thermal radiation states that a body at thermal equilibrium emits the same amount of energy that it absorbs from its environment. For an ideal blackbody, which absorbs all incident radiation (without reflection), the spectral radiance B ν (in Wm -2 sr -1 Hz -1 ) or B λ (in Wm -3 sr -1 ) emitted is given by Planck's blackbody radiation law:

B ν (T ) = 2hν 3 c 2 1 e hν/k B T -1 B λ (T ) = 2hc 2 λ 5 1 e hc/λk B T -1 (2.28)
where h = 6.63 × 10 -34 Js is Planck's constant, k B = 1.38 × 10 -23 JK -1 is Boltzman's constant, T is the blackbody's temperature (in K), ν is the frequency (in Hz), λ = c/ν is the wavelength (in m), and c is the velocity of light in the medium (c = 3 × 10 8 / √ ε ′ r m/s). The wavelength at which B λ is maximum decreases with T , as apparent in Fig. 2.11.

Natural planetary surfaces, with temperatures generally between 30 K (Eris) and 735 K (Venus surface), emit thermal radiation primarily in the thermal infrared; however, their thermal radiation extends into the microwaves. Microwave radiometers thus detect the Rayleigh-Jeans tail of Planck's backbody radiation curve.

Planetary surfaces are so-called graybodies: they absorb and emit less energy than an ideal blackbody. A body's brightness temperature T B is thus defined as the temperature that a blackbody emitting the same amount of radiation as the considered body for equal size would have, given its emission at the observation wavelength λ. The brightness temperature can be derived directly from the measured radiance using Eq. 2.28. In the microwave regime (where hν ≪ k B T ), Planck's law can be simplified into the Rayleigh-Jeans law: 

B ν (T ) ≈ 2ν 2 k B T c 2 ≈ 2k B T λ 2
(2.29)

Nevertheless, for millimeter wavelengths and cold objects, the Rayleigh-Jeans approximation leads to significant errors (e.g., a 7.6% error for a 1-mm observation of a 100-K body). In practice, the fractional deviation of the Rayleigh-Jeans law from Planck's law is less than 1% if λT > 0.77 Km. Fig. 2.11 displays both the Planck and Rayleigh-Jeans laws for a blackbody of 100 K, illustrating the fact that they give the same result at most microwaves wavelengths.

For graybodies, the measured brightness temperature T B is smaller than the actual surface temperature. The ratio of the observed brightness intensity B ν to that of an ideal blackbody of same physical effective temperature T e f f (see below) B bb ν is defined as the emissivity e:

e = B ν B bb ν (2.30)
In the microwaves, due to the Rayleigh-Jeans approximation, the emissivity can be expressed in terms of a temperature ratio:

e = T B T eff (2.31)
The emissivity is unitless and comprised between 0 and 1. It varies with the geometry of observation (especially the emission angle), the wavelength, and the surface properties (dielectric constant, roughness, etc). For a smooth, uniform, dielectric surface observed at an emission angle θ, the emissivity Figure 2.12 -Emissivity maps given by Fresnel's equations for an ideal smooth, uniform, dielectric, spherical surface, for dielectric constants of ε ′ r = 1.15, 2, and 3. The direction of the electric field sensed by the antenna E is indicated. Polarization parallel to E is therefore left-right, whereas perpendicular polarization is top-bottom. The Brewster highlights peak at the Brewster angles θ B , which are marked with a black dot. depends only on the dielectric constant ε ′ r , and is related to the Fresnel coefficients as follows:

e p (θ) = T p = 1 -Γ p (2.32)
where p is the polarization of the antenna (parallel or perpendicular), and T and Γ are, respectively, the transmissivity and reflectivity, obtained from Fresnel's equations (Eq. 2.17, in Section 2.2.3). The emissivity, like the transmissivity, peaks at its maximum value of 1 at the Brewster angle θ B in parallel polarization.

When observing a mostly spherical object such as a natural satellite, the emissivity at any azimuthal and emission angle can be derived from that at parallel (e ) and perpendicular (e ⊥ ) polarizations. If δ is the angle between the parallel polarization direction and the azimuthal position of a point, and θ is its emission angle, then the emissivity at this point is given by the following formula [START_REF] Heiles | The polarization and intensity of thermal radiation from a planetary surface[END_REF]:

e(θ, δ) = e (θ) cos 2 δ + e ⊥ (θ) sin 2 δ (2.33)
Example emissivity maps for ideal smooth, uniform, dielectric spheres derived from this equation using dielectric constants in the range expected for icy satellites are shown in Fig. 2.12. The "Brewster highlights" are the high-emissivity regions near parallel polarizations centered at the Brewster angle.

Increasing the dielectric constants yields lower disk-integrated emissivities but makes the Brewster highlights much more obvious. If the dielectric constant is very low, the Brewster highlights are practically invisible, and the global emissivity is high. Detection of the amplitude and position of the Brewster highlights of a planetary body can therefore inform on the dielectric constant of its surface.

Radiative transfer through the subsurface

Microwave radiometers do not only sense the signal radiated by the surface, but also by the subsurface. In order to estimate the brightness temperature T B sensed by the radiometer, it is necessary to consider processes of radiative transfer through the subsurface.

Radiative transfer in a medium involves loss in brightness intensity I due to extinction, and increase in I due to emission. Propagation of the signal over a thickness dz therefore results in a change in intensity dI = dI emission -dI extinction . The power extinction, or attenuation coefficient κ e = α+κ s (in dB/m) is composed of an absorption coefficient ( α, already mentioned in Section 2.2.2) and a scattering extinction coefficient κ s . For outgoing radiation traveling through the subsurface, the optical depth τ is defined as: dl (2.34) such that dτ = αdz, while accounting for variations of the attenuation coefficient κ e (l) with depth l.

τ(z) = z 0 κ e (l)
For energy propagating at an angle θ ′ from the vertical, the radiative transfer equation is:

cos θ ′ dI dτ + I = J (2.35)
where J λ (z) = B λ (T (z)) is the total source function, corresponding to the thermal emission originating from the subsurface layers beneath depth z. If we consider a scatter-free medium (κ s = 0), the solution to Eq. 2.35 is:

I λ = sec θ ′ ∞ 0 B λ (T (τ))e -τ sec θ ′ dτ (2.36)
In the microwave domain, by virtue of the Rayleigh-Jeans law, B λ (T ) ∝ T and I ∝ T eff . We can therefore derive the effective temperature T eff sensed by a radiometer:

T eff = α sec θ ′ ∞ 0 T (z)e -α sec θ ′ z dz = ∞ 0 T (z)e -α sec θ ′ z dz ∞ 0 e -α sec θ ′ z dz (2.37)
We recall that the electrical skin depth δ el = 1/α is proportional to the radiometer wavelength (Eq. 2.13), and is a proxy for the depth probed by the antenna.

For heterogeneous media, the emitted signal is also attenuated by scattering in the subsurface, especially by volume scattering. The magnitude of volume scattering depends on parameters such as porosity, the size and density of inclusions, the dielectric contrast between the inclusions and the substrate, and the structure of the medium. We propose a model for this phenomenon in Chapter 5.

Microwave radiometers

Fundamental equation of radiometry

Radiometers measure a receiver power P A (in W), which relates to the instrument characteristics as follows [START_REF] Ulaby | Microwave radar and radiometric remote sensing[END_REF]:

P A = 1 2 A r ν 2 ν 1 4π B ν (θ, φ)G(θ, φ) dΩ dν (2.38)
where A r = D 2 is the effective aperture area of the antenna (D is the antenna diameter or the interferometer baseline), G(θ, φ) is its directional radiation pattern (see Section 2.1.2), ∆ν = ν 2 -ν 1 is its bandwidth, and B ν (θ, φ) is the spectral radiance from direction (θ, φ). The factor of 1/2 originates from the fact that the radiometer generally measures incoming unpolarized electromagnetic radiation in only one polarization, in average equivalent to half of the total incoming energy.

If the instrument bandwidth is sufficiently narrow (∆ν ≪ ν), then B ν is approximately constant over ∆ν:

P A = 1 2 A r ∆ν 4π B ν (θ, φ)G(θ, φ) dΩ (2.39)
In the microwave domain, the spectral radiance B ν is given by the Rayleigh-Jeans law (Eq. 2.29), yielding:

P A = k B ∆ν A r λ 2 4π T B (θ, φ)G(θ, φ) dΩ (2.40)
Recognizing the antenna solid beam angle (Eq. 2.2), we finally obtain the fundamental equation of radiometry:

P A = k B ∆νT A (2.41)
where the lossless antenna temperature T A is the integrated value of the brightness temperature distribution weighted by the antenna radiation pattern, normalized by the antenna solid beam angle (i.e., the integral of the weighting function):

T A = 4π T B (θ, φ)G(θ, φ)dΩ 4π G(θ, φ)dΩ (2.42)
By analogy both with observations of a thermal source (as above) and with the similar behavior of a resistor at temperature T [START_REF] Nyquist | Thermal Agitation of Electric Charge in Conductors[END_REF][START_REF] Johnson | Thermal Agitation of Electricity in Conductors[END_REF], Eq. 2.41 is the definition of the antenna temperature regardless of whether the Rayleigh-Jeans approximation applies or not.

Receiver transfer function

In practice, the power P SYS measured by a radiometer incorporates the signal from the target P A as well as self-emitted energy P REC contributed by the antenna structure and electronics. Each of these powers can be related to corresponding temperatures from Eq. 2.41:

P SYS = P A + P REC = k B ∆νT SYS = k B ∆ν(T A + T REC ) (2.43)
The antenna is also not lossless: part of the energy received is absorbed by the antenna material and converted into heat. This phenomenon is expressed through the receiver gain G REC . Most radiometers measure a voltage V out in counts, which is the product of the receiver gain and the system temperature T SYS :

V OUT = G REC T SYS = G REC (T A + T REC ) (2.44)
The antenna temperature can then be derived from the gain, voltage, and receiver temperature according to the receiver transfer function:

T A = V out G REC -T REC (2.45)
T REC thus corresponds to a temperature offset. Both T REC and G REC vary on the short term (due to temperature and power supply voltage variations) and the long term (due to aging of the components), and must therefore be determined as often as possible, by measurements on warm and cold sources of known temperatures.

The accuracy, or absolute uncertainty, of a radiometer depends primarily on the knowledge of its receiver transfer function, and on the quality of its calibration. It generally primarily depends on the long term variations of gain.

The precision, or relative uncertainty, is primarily caused by random photon noise, which decreases with longer integration times t int , following ∆T N = T SYS / √ Bt int . Short term variations in the gain also contribute an error of ∆T G = T SYS ∆G REC /G REC . These independent sources of uncertainty combine to give the total rms uncertainty ∆T A :

∆T A = T SYS       1 Bt int + ∆G G 2       1/2
(2.46)

Flux density

Most ground-based radiotelescopes measure a flux density S (in Jy = 10 -26 W m -2 Hz -1 ), which is the integral of the spectral radiance B ν over the solid angle, weighted by the gain of the antenna pattern. It therefore relates to the above equations as follows:

S = 2P r ηA r ∆ν = 4π B ν G(θ, φ)dΩ (2.47)
where η is the antenna efficiency (between 0 and 1). For a source of solid angle Ω s and of total flux density S s , the disk-integrated brightness temperature T disk B can be derived from the following equation, using either Planck's law or the Rayleigh-Jeans approximation if it applies:

S s = B ν (T disk B )Ω s (2.48)

Icy satellite microwave observations

Both active and passive microwave observations have been conducted throughout the Solar System, as described in Sections. 2.3.1 and 2.4.1. This section focuses on studies of Jupiter's and Saturn's icy satellites from ground-based and spacecraft radars and radiometers.

Although this thesis concentrates on the satellites of Saturn, it is important to review the microwave properties of the Jovian icy satellites (Europa, Ganymede, and Callisto), which have been observed from ground-based radars and radiotelescopes on more occasions than the Saturnian satellites. These observations have led to new models of radar backscatter.

Icy Galilean satellites: radiometry observations

Passive radiometry measurements of the brightness temperatures of the icy Galilean satellites (by increasing distance from Jupiter: Europa, Ganymede, and Callisto) have been conducted at multiple µm-cm wavelengths, and are plotted in Fig. 2.13 [START_REF] Ulich | Planetary observations at a wavelength of 1.32 mm[END_REF][START_REF] De Pater | Planetary observations at a wavelenght of 355 µm[END_REF]Muhleman and Berge, 1991, and references therein). The brightness temperature visibly decreases as the observation wavelength increases. Although the longest wavelengths are expected to probe deeper than the diurnal thermal skin depth and therefore to exhibit lower temperatures (for daytime observations), this effect alone is insufficient to explain the low mm-cm values of T B , especially on Europa and Ganymede [START_REF] De Pater | VLA observations of the Galilean satellites[END_REF]. Estimating the effective physical temperature with a simplified (temperature equilibrium) model yields low emissivities, around 0.5-0.8, for Europa and Ganymede at mm-cm wavelengths [START_REF] Muhleman | Observations of Mars, Uranus, Neptune, Io, Europa, Ganymede, and Callisto at a wavelength of 2.66 mm[END_REF][START_REF] Trumbo | ALMA Thermal Observations of Europa[END_REF], to be compared with the emissivity of 0.8-0.95 of most terrestrial surfaces.

Similarly low microwave emissivities have been reported on other icy bodies, more specifically Trans-Neptunian Objects TNO) [START_REF] Fornasier | TNOs are Cool: A survey of the trans-Neptunian region -VIII. Combined Herschel PACS and SPIRE observations of nine bright targets at 70-500 µm[END_REF][START_REF] Lellouch | The thermal emission of Centaurs and trans-Neptunian objects at millimeter wavelengths from ALMA observations[END_REF][START_REF] Brown | The Density of Mid-sized Kuiper Belt Objects from ALMA Thermal Observations[END_REF] including Pluto and Charon [START_REF] Lellouch | Search for Variations in Pluto's Millimeter-Wave Emission[END_REF][START_REF] Lellouch | The long-wavelength ther-mal emission of the Pluto-Charon system from Herschel observations. Evidence for emissivity effects[END_REF], comets [START_REF] Boissier | Earth-based detection of the millimetric thermal emission from the nucleus of comet 8P/Tuttle[END_REF], and thick snow and lake ice on Earth [START_REF] Wiesmann | Radiometric and structural measurements of snow samples[END_REF][START_REF] Hewison | Airborne retrievals of snow and ice surface emissivity at millimeter wavelengths[END_REF]. Low asteroid sub-millimeter to millimeter emissivities have also been detected (e.g., [START_REF] Redman | High-Quality Photometry of Asteroids at Millimeter and Submillimeter Wavelengths[END_REF][START_REF] Gulkis | Millimeter and submillimeter measurements of asteroid (2867) Steins during the Rosetta fly-by[END_REF], but for most asteroids (except perhaps Vesta; [START_REF] Redman | Millimeter and Submillimeter Observations of the Asteroid 4 Vesta[END_REF][START_REF] Leyrat | Thermal properties of (4) Vesta derived from Herschel measurements[END_REF] this likely results from large dielectric constants, surface roughness, and subsurface sounding of colder night-time temperatures [START_REF] Keihm | Reconciling main belt asteroid spectral flux density measurements with a self-consistent thermophysical model[END_REF]. This explanation remains insufficient for Earth snow and TNOs, as for the Galilean satellites [START_REF] Lellouch | The long-wavelength ther-mal emission of the Pluto-Charon system from Herschel observations. Evidence for emissivity effects[END_REF][START_REF] Lellouch | The thermal emission of Centaurs and trans-Neptunian objects at millimeter wavelengths from ALMA observations[END_REF]. Instead, the preferred explanation is subsurface scattering, by subsurface voids or inhomogeneities on scales comparable to the wavelength (see Section 2.2.5).

For the Galilean satellites, the low microwave emissivities are most likely caused by buried mm-cm-sized scattering inhomogeneities; because of their size, these scatterers affect more centimetric than millimetric wavelengths. It is also possible that the top few mm of the surface probed at shorter (submillimeter) wavelengths are smoother and more uniform than greater depths probed at centimeter wavelengths, where the scattering inhomogeneities would be buried [START_REF] Muhleman | Observations of Mars, Uranus, Neptune, Io, Europa, Ganymede, and Callisto at a wavelength of 2.66 mm[END_REF][START_REF] Wiesmann | Radiometric and structural measurements of snow samples[END_REF]. It is likely that these subsurface inhomogeneities also cause the Galilean satellites' unusual radar properties (discussed below), as high radar reflectivities are generally associated with low emissivities (Eq. 2.32;[START_REF] De Pater | VLA observations of the Galilean satellites[END_REF][START_REF] Muhleman | Observations of Mars, Uranus, Neptune, Io, Europa, Ganymede, and Callisto at a wavelength of 2.66 mm[END_REF].

Recent re-reduction of the VLA data presented in Fig. 2.13 shows, contrary to earlier studies, an increase in Europa brightness temperatures with wavelength at mm-cm wavelengths, with a minimum at sub-mm wavelengths [START_REF] Butler | ALMA Memo[END_REF]. This would indicate that, if the low sub-mm brightness temperature is caused by subsurface scattering, either the particle size must be relatively small (tens to hundreds of microns at most) such that scattering is less efficient at longer wavelengths, and/or there is an emissive contaminant present at cm-m depths. On Ganymede and Callisto, [START_REF] Butler | ALMA Memo[END_REF] only finds a slight increase in brightness temperature at cm wavelengths, where scattering therefore More recently, ALMA has been used to obtain resolved maps of Europa's [START_REF] Trumbo | ALMA Thermal Observations of a Proposed Plume Source Region on Europa[END_REF][START_REF] Trumbo | ALMA Thermal Observations of Europa[END_REF]) and Ganymede's (de Kleer et al., 2019) mm-wavelength brightness temperatures, shown in Fig. 2.14. On Europa, brightness temperature measurements were used to investigate a putative thermal anomaly (located near Pwyll crater) associated with plume activity. The observations were found to be consistent with thermal surface models without any endogenic flux. Instead of a hotspot, the Pwyll crater region exhibits a locally high thermal inertia (105 ± 10 MKS compared to 70-90 MKS elsewhere; [START_REF] Rathbun | Proposed plume source regions on Europa: No evidence for endogenic thermal emission[END_REF], which may result from larger particle sizes in its ejecta blanket [START_REF] Trumbo | ALMA Thermal Observations of a Proposed Plume Source Region on Europa[END_REF][START_REF] Rathbun | Proposed plume source regions on Europa: No evidence for endogenic thermal emission[END_REF]. ALMA observations of Europa were also used to derive partial thermal inertia and emissivity maps, identifying a low emissivity and/or high-thermal inertia region which may be linked to increased water ice purity or larger grain sizes [START_REF] Trumbo | ALMA Thermal Observations of Europa[END_REF].

Galilean satellites: radar observations

The Arecibo (13 cm and 70 cm) and Goldstone (3.5 cm) radar systems are the only two radar systems powerful and sensitive enough to observe outer Solar System satellites. The resulting radar properties of the three outer Galilean satellites (Europa, Ganymede, and Callisto) have been assembled by [START_REF] Ostro | Europa, Ganymede, and Callisto: New radar results from Arecibo and Goldstone[END_REF] and [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] and are summarized in Table 2.2. Table 2.2 -Radar properties of icy satellites, summarized from Ostro et al. (2006, and references therein) for the Galilean satellites, [START_REF] Lorenz | Titan's surface reviewed: the nature of bright and dark terrain[END_REF] and [START_REF] Black | Ground-based radar observations of Titan: 2000-2008[END_REF] for Titan, [START_REF] Black | Radar Detection of Iapetus[END_REF] for Iapetus, and [START_REF] Black | Arecibo radar observations of Rhea, Dione, Tethys, and Enceladus[END_REF] The radar properties of the icy Galilean moons were quickly recognized as anomalous (e.g., [START_REF] Campbell | Galilean satellites: 1976 radar results[END_REF]. Their circular polarization ratios µ C are indeed considerably higher (> 1) than those of rocky regoliths (µ C ∼ 0.1 -0.4). Furthermore, compared to the commonly encountered reflectivity of 0.1 in the inner Solar System, their surfaces show very high total power albedo. The radar albedo increases from Callisto, to Ganymede, and to Europa (see Table 2.2), with the highest radar return correlated to the youngest and most ice-rich surfaces [START_REF] Ostro | Europa, Ganymede, and Callisto: New radar results from Arecibo and Goldstone[END_REF]Black et al., 2001a). Although the circular polarization ratios are high both at 3.5 to 70 cm wavelengths, this is not true for the reflectivity, which decreases at 70 cm, indicating that the mechanism that causes it is less active at this wavelength. The returned radar echoes also follow a diffuse scattering law, exhibiting no quasi-specular reflections.

Similar radar properties (high reflectivities and circular polarization ratios) have been observed within the icy permanently shadowed craters at Mercury's poles [START_REF] Harmon | High-Resolution Radar Imaging of Mercury's North Pole[END_REF][START_REF] Harcke | Radar imaging of solar system ices[END_REF], the polar ice caps of Mars (Muhleman et al., 1991;[START_REF] Butler | The 3.5-cm radar investigation of Mars and Mercury: Planetological implications[END_REF], the Greenland ice sheet [START_REF] Rignot | Unusual Radar Echoes from the Greenland Ice Sheet[END_REF][START_REF] Rignot | Backscatter model for the unusual radar properties of the Greenland Ice Sheet[END_REF], and high-altitude ices [START_REF] Haldemann | Circular-polarization radar properties of highaltitude ice: Western Kunlun Shan and central Andes[END_REF]. Although these four environments differ in their temperatures, atmospheric properties, and erosion processes, they have in common a water ice composition. It is therefore likely that different ice modification processes (e.g., melting/refreezing, thermal stresses, seasonal layering...) lead to common radar properties.

A variety of subsurface properties and structures have been suggested as the cause for the Galilean moons' unusual radar properties, but none is fully satisfactory. Surface scatterers such as hemispherical craters [START_REF] Ostro | Icy craters on the Galilean satellites?[END_REF] or randomly oriented facets [START_REF] Goldstein | Ganymede: Radar Surface Characteristics[END_REF] are an unlikely explanation for a high-transparency medium like water ice. Instead, buried craters have been theorized by [START_REF] Eshleman | Radar Glory from Buried Craters on Icy Moons[END_REF], but would not lead to the observed radar properties [START_REF] Baron | Three-dimensional numerical modeling of refraction and reflection scattering from icy galilean satellites[END_REF]. [START_REF] Hagfors | Refraction scattering as origin of the anomalous radar returns of Jupiter's satellites[END_REF][START_REF] Hagfors | Refraction Scattering in the Anomalous Reflections from Icy Surfaces[END_REF] proposed that the incoming signal was being refracted (rather than reflected) by subsurface meter-sized lenses of higher refractive index (due to higher density and/or presence of powdered silicates); however, it remains unclear how such structures would form in sufficient numbers [START_REF] Baron | Three-dimensional numerical modeling of refraction and reflection scattering from icy galilean satellites[END_REF]. Multiple reflections on solid ice pipes and ice layers within a snowy medium, forming from seasonal melt, are a good explanation for the radar properties within the Greenland ice sheet and high-altitude ices, but would not form at icy satellite surface temperatures [START_REF] Rignot | Unusual Radar Echoes from the Greenland Ice Sheet[END_REF][START_REF] Rignot | Backscatter model for the unusual radar properties of the Greenland Ice Sheet[END_REF][START_REF] Haldemann | Circular-polarization radar properties of highaltitude ice: Western Kunlun Shan and central Andes[END_REF].

The mechanism which best reproduces the Galilean satellites' radar behavior (high radar brightness, diffuse scattering, and high circular polarization ratio) is the Coherent Backscattering Effect (CBE), described in Section 2.2.5 [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF][START_REF] Peters | Coherent-backscatter effect: A vector formulation accounting for polarization and absorption effects and small or large scatterers[END_REF]Black et al., 2001b). Ganymede and Callisto's radar properties are consistent with 2% and 5% volume fractions of such scattering inhomogeneities in their subsurface. Europa's high radar albedo, however, requires a scatterer volume density as high as 80% (Black et al., 2001b). The drop in radar reflectivity from 13-cm to 70-cm observations indicates that the scattering inhomogeneities are more numerous at cm scales than at decimeter or meter scales, supporting the power-law size distribution proposed by Black et al. (2001b). However, the CBE does not predict the specific shape and formation mechanism of these subsurface inhomogeneities.

Resolved observations of Ganymede and Callisto have also been possible using a 3.5-cm bistatic aperture synthesis radar system, with Goldstone as the transmitter and the VLA as the receiver [START_REF] Harcke | Radar imaging of solar system ices[END_REF]. [START_REF] Harcke | Radar imaging of solar system ices[END_REF] mapped the radar backscatter for these two moons, finding radar albedos and polarization ratios within error of previous measurements. The apparently youngest regions of Ganymede (sulci and recent craters) are brighter than their surroundings, most likely due to excavation of high-purity water ice. On Callisto, the large impact crater Valhalla is radar-bright, consistent with the results of [START_REF] Ostro | Europa, Ganymede, and Callisto: New radar results from Arecibo and Goldstone[END_REF]. This study concluded that the leading hemispheres of Ganymede and Callisto were 20% ± 5% more radar-bright than their trailing hemispheres, which [START_REF] Harcke | Radar imaging of solar system ices[END_REF] attributed to increased micrometeoroid gardening on the leading side, roughening its surface and near subsurface.

Galilean satellites: future microwave exploration

The importance of radar studies for icy satellite exploration has been widely recognized, and both icy satellite missions currently in preparation will carry high-priority radar instruments. ESA's JUICE mission, launching nominally in 2022 for a 2030 arrival at Jupiter, will carry a 9-MHz (30m wavelength) sounding radar (the Radar for Icy Moon Exploration, RIME; [START_REF] Bruzzone | RIME: Radar for Icy Moon Exploration[END_REF]). NASA's Europa Clipper mission, which will be launched around 2025, will carry a dual frequency sounding radar (the Radar for Europa Assessment and Sounding: Ocean to Near-surface, REASON) to examine Europa's sub-surface, and hopefully detect its ocean [START_REF] Blankenship | Radar sounding of Europa's subsurface properties and processes: The view from Earth[END_REF]. This radar will operate at two frequencies, 9 and 60 MHz (33 and 5 m wavelengths), allowing both good vertical resolution and deep sounding [START_REF] Heggy | Radar probing of Jovian icy moons: Understanding subsurface water and structure detectability in the JUICE and Europa missions[END_REF][START_REF] Kalousová | Radar attenuation in Europa's ice shell: Obstacles and opportunities for constraining the shell thickness and its thermal structure[END_REF]. Both the RIME and REASON radars should also be able to perform passive measurements, which in Jupiter's high radiation environment may allow subsurface sounding [START_REF] Schroeder | Assessing the potential for passive radio sounding of Europa and Ganymede with RIME and REASON[END_REF]. The JUICE spacecraft will also carry a submillimeter radiometer (SWI; [START_REF] Hartogh | The Submillimetre Wave Instrument on JUICE[END_REF], which will provide new thermal information at 600 and 1200 GHz (0.5 and 0.25 mm) on icy surfaces. These future missions focused on icy satellites have also motivated the Juno (NASA) microwave radiometry (MWR) team to propose Europa observations at 1-50 cm wavelength for the extended mission, providing the first resolved centimetric data on this satellite.

In parallel, a ground-based observation campaign is ongoing. To complement the ALMA data already collected on Europa and Ganymede [START_REF] Trumbo | ALMA Thermal Observations of a Proposed Plume Source Region on Europa[END_REF][START_REF] Trumbo | ALMA Thermal Observations of Europa[END_REF][START_REF] De Kleer | Thermal properties of Europa and Ganymede from spatially resolved ALMA observations[END_REF], these authors have proposed resolved centimetric observations with the VLA. At these longer wavelengths, radiometry would help characterize the subsurface medium while being able to detect buried anomalies, similar to what has been possible on Saturn's icy satellites using Cassini radiometry for this thesis.

Titan radar/radiometry observations

Titan, which is the only Solar System satellite with a thick and optically opaque atmosphere, is well suited to radar/radiometry exploration but is difficult to detect from Earth (due to its small angular size and proximity to Saturn). Prior to the Cassini-Huygens mission, radar echoes had been obtained on Titan at 3.5 and 13 cm using the Arecibo and Goldstone radars (see Table 2.2). The radar albedo, slightly lower than Callisto's, varied with the phase of Titan, pointing to a rough, "dirty", heterogeneous icy surface and ruling out the hypothesis of a global ocean (Muhleman et al., 1995;[START_REF] Lorenz | Titan's surface reviewed: the nature of bright and dark terrain[END_REF]. [START_REF] Campbell | Radar Evidence for Liquid Surfaces on Titan[END_REF] detected specular echoes at 13 cm using Arecibo, which they interpreted as indicative of liquid hydrocarbons in equatorial or mid-latitude regions; however, these were most likely caused by flat paleoseas, as the Cassini radar only detected liquids at high latitudes [START_REF] Hofgartner | The root of anomalously specular reflections from solid surfaces on Saturn's moon Titan[END_REF].

Beyond revealing the geomorphology of the surface, the Cassini 2.2 cm radar/radiometer instrument has been used in multiple different ways on Titan, for instance to measure dune height through radarclinometry [START_REF] Lorenz | The Sand Seas of Titan: Cassini RADAR Observations of Longitudinal Dunes[END_REF] and by combining data from overlapping radar beams (SAR-Topo; [START_REF] Stiles | Determining Titan surface topography from Cassini SAR data[END_REF], to estimate sea depth from double echos in altimetry [START_REF] Mastrogiuseppe | The bathymetry of a Titan sea[END_REF], or to map the surface dielectric constant and the degree of volume scattering in the subsurface [START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF].

Le [START_REF] Gall | Radar-bright channels on Titan[END_REF] and [START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF] identified regions of Titan, namely the IR-and radar-bright mountainous Xanadu region, radar-bright hummocky terrains, channels, and alluvial fans, exhibiting very high radar backscatter (σ 0 between 0.5 and 2). The coherent backscattering effect (see Section 2.2.5) is insufficient to explain simultaneously the high radar backscatter and the relatively high emissivities (0.75 to 0.9 for Xanadu and the hummocky terrains) of these regions. Instead, multiple scattering by ordered subsurface structures is invoked [START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF]. In the radar-bright channels and alluvial fans, the presence of rounded icy pebbles larger than the wavelength like those observed at the Huygens landing site is likely and would account for the high radar return (Le [START_REF] Gall | Radar-bright channels on Titan[END_REF]. As displayed in Fig. 2.15, low emissivity and high radar backscatter are well correlated, and both are likely explained by volume scattering in the subsurface [START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF]. Water ice is a low-loss medium (allowing long path lengths and multiple scattering) and has a higher dielectric constant (3.13) than organics (∼ 2), perhaps allowing high dielectric contrasts with embedded voids or inhomogeneities. High volume scattering regions are therefore likely associated with high degrees of water ice purity in the near subsurface of Titan [START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF]. This interpretation is consistent with the high radar brightness and low emissivity of crater ejecta, where we expect the impact to have excavated high-purity water ice from the underlying icy bedrock.

Saturn's icy satellite radar/radiometry observations

Microwave observations of Saturnian satellites are rare and recent. Until the 2004 through 2007 opposition of the Saturn system, Earth-based radar measurements in the outer Solar System have been limited to Galilean satellites and Titan. [START_REF] Black | Radar Detection of Iapetus[END_REF] and [START_REF] Black | Arecibo radar observations of Rhea, Dione, Tethys, and Enceladus[END_REF] observed, respectively, both hemispheres of Iapetus and the mid-sized Saturnian satellites Rhea, Dione, Tethys, and Enceladus with the Arecibo Observatory's 13 cm wavelength (2.38 GHz) radar system. The other Earth-based planetary radar system, Goldstone (equipped with a 3.5 cm transmitter (X-band)), has never been used to observe these objects or other Saturnian airless satellites yet. In addition, passive microwave observations of Saturnian moons from Earth are difficult due to confusion with thermal emission from the planet, the faintness of some targets, and their small apparent size. That is the reason why, with the exception of Titan and Iapetus, they have never been conducted. In that regards, the Cassini radar and radiometry observations of Saturn's icy moons are pioneer.

The Arecibo 13 cm observations of [START_REF] Black | Radar Detection of Iapetus[END_REF] and [START_REF] Black | Arecibo radar observations of Rhea, Dione, Tethys, and Enceladus[END_REF] are summarized in Table 2.2, besides similar observations of the Galilean satellites for comparison. Saturn's inner icy moons (Enceladus, Tethys, Dione, and Rhea; Mimas ground-based observations have not been undergone) display a similar radar behavior as the Galilean moons at 13 cm: high reflectivity (> 0.6 and up to 2.55) and polarization ratios (generally around 1). They are also cold, quasi-atmosphereless icy bodies, and are exposed to mostly the same processes (though Jupiter's magnetic field is stronger, and Saturn's E ring influences its moons). It therefore seems likely that similar subsurface properties and scattering processes lead to this radar behavior [START_REF] Black | Arecibo radar observations of Rhea, Dione, Tethys, and Enceladus[END_REF][START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF]. The radar albedo values found for Iapetus, though still higher than those of rocky surfaces such as the Moon, are remarkably lower than those of the inner Saturnian satellites, indicating the likely presence of absorptive contaminants such as ammonia in the subsurface [START_REF] Black | Radar Detection of Iapetus[END_REF]. Before the work presented in this thesis, microwave ground-based radiometry observations of Saturn's mid-sized icy satellites had only been performed for Iapetus, by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] and [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF]. Their observations and results will be described in detail in Chapter 7, before presenting the complementary data obtained and analyzed during my thesis.

The Cassini radar measured the radar albedo in same-sense linear polarization, A SL , of Saturn's icy satellites. The resulting disk-integrated albedos of Saturn's icy satellites have been analyzed by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF], [START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF][START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. As I have contributed to this last work as part of my dissertation, these data and their interpretation will be discussed in detail in Chapter 3. Resolved scatterometry and concurrent radiometry was also obtained on Rhea [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF], and described in Chapter 3), Dione (Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF] and described in Chapter 3), Iapetus (Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], and Enceladus [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF][START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF]). An Enceladus flyby was even dedicated to the radar instrument, yielding a high-resolution SAR image near the South Polar region, displayed in Fig. 2.16a [START_REF] Mitchell | The First High-Resolution SAR Observation of Enceladus by Cassini Radar[END_REF]. From the concurrent resolved radiometry pictured in Fig. 2.16b, Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF] detected thermal anomalies associated with prominent fractures, implying high heat flux even relatively far from the tiger stripes themselves. Partially resolved radiometry in the equatorial regions revealed a 30% decrease in emissivity on the leading hemisphere of Enceladus, likely related to a geologically young (and therefore locally clean) terrain [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF].

Chapter 3 Saturn's icy satellites seen by the Cassini radar

The Cassini radar/radiometer is a complex, multi-modal instrument; at 2.2 cm it is the only instrument aboard the Cassini spacecraft able to probe up to several meters into an icy surface. This chapter begins by describing the Cassini radar/radiometer and its observation strategy, applicable to both active and passive modes of observation. We then focus on the icy satellite radar observations, first the distant radar data, then the resolved scatterometry on Dione and Rhea.

The radar/radiometer on the Cassini spacecraft

The Titan Radar Mapper on the Cassini spacecraft was jointly developed by NASA's Jet Propulsion Laboratory (JPL), the Italian Space Agency (ASI), and the Cassini Radar Science Team (CRST) [START_REF] Elachi | Radar: The Cassini Titan Radar Mapper[END_REF]. This instrument, which could operate both in active and passive modes, is referred to herein as the Cassini radar/radiometer. While it was primarily designed to characterize Titan's surface by peering through its optically thick haze, it also observed Jupiter [START_REF] Moeckel | A re-analysis of the Jovian radio emission as seen by Cassini-RADAR and evidence for time variability[END_REF], Saturn [START_REF] Janssen | Saturn's thermal emission at 2.2-cm wavelength as imaged by the Cassini {RADAR} radiometer[END_REF], its rings (Zhang et al., 2017a,b), and its icy satellites [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF][START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF][START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF].

Characteristics

The Cassini radar/radiometer operated at 2.17 cm (13.78 GHz frequency), within the Ku-band. It measured linearly polarized radiation, with the receiver's electric field lying along the x-axis of the spacecraft. The polarization of the received signal thus depended on the angle between the incidence (emission for radiometry) plane and the x-axis. The radar/radiometer antenna was not articulated separately from the Cassini spacecraft; therefore, changing pointing direction or polarization orientation implied rotating the whole spacecraft.

The radar/radiometer had 5 distinct transmitters and receivers, each with its own beam pattern. The instrument properties are provided in Table 3.1. The central beam (beam 3) was circular, while the others were elliptical. All data considered in this thesis were obtained using beam 3, whose radiation pattern, which is identical for both passive and active modes, is shown out to 2 • from the boresight (thus including near side lobes (NSL) around the main beam) in Fig. 3.1. This beam pattern was obtained by [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF] by combining a scan of the Sun obtained in 2001 with the preflight characterization of the main beam. The main beam, which is Gaussian, has a full width at half maximum (FWHM) of β = 0.373 • , while the near side lobes extend to 2 • from the boresight. The sidelobes beyond this point, hereafter called the far sidelobes (FSL), are too weak to be measurable Table 3.1 -Properties of the Cassini radar/radiometer, from [START_REF] Elachi | Radar: The Cassini Titan Radar Mapper[END_REF], [START_REF] West | Cassini RADAR Sequence Planning and Instrument Performance[END_REF][START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF]. Note the theoretical measurement noise has been corrected from the value in [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF]. [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] West | Cassini RADAR Sequence Planning and Instrument Performance[END_REF]. Within the half power beam width of 0.373 • , the main beam is Gaussian. The x and y directions correspond to the spacecraft coordinates.

with a distant scan of the Sun. Instead, they were determined out to 90 • from high-resolution Titan scans, where the far sidelobes contributed a significant part of the signal [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF].

Observation strategy

A typical Titan flyby dedicated to the radar/radiometry instrument had the observation sequence pictured in Fig. 3.2. When the spacecraft was still far from Titan, it only obtained passive radiometry data, by scanning the disk with its central, circular beam (beam 3). The small angular size of the target allowed regular sky observations, which are needed for the radiometer calibration. Ideally, two scans were obtained in orthogonal polarizations by rotating the Cassini probe by 90 • in-between the scans. Observing at orthogonal polarizations allows the calculation of the surface dielectric constant [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF].

Once the Cassini probe was only 40000 km from Titan, the radar transmitter was turned ON and scatterometry data was obtained by scanning Titan's surface. At closer range, the instrument at only rare instances. Resolved scatterometry and concurrent radiometry were obtained in four cases (on Enceladus, Dione, Rhea, and Iapetus), as described in Section 3.3. When the target was too distant for scatterometry, disk-integrated radar albedos were instead measured using a different observation strategy, called a "stare", described in Section 3.2. A few SAR images have been derived both from scatterometry and stare data [START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF][START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF].

Observation geometry recalculation

The radar and radiometry data files (Long and Short Burst Data Record, LBDR and SBDR), which are publicly available on the Planetary Data System (PDS), include observation geometry, timing, spacecraft position and orientation, and calibration data. However, several errors and inaccuracies have since been noticed in the method to generate some of this information. For instance, all main beam footprints projected onto the surface were assumed elliptical, which is only true at very close range when the target's curvature is negligible. Foreshortening and polar flattening were also not taken into account. The first step of my analysis has therefore been to recalculate all useful information using the correct geometry. For these purposes, I used the SPICE toolkit developed by NASA's Navigation and Ancillary Information Facility (NAIF) [START_REF] Acton | Planetary data system ancillary data services of NASA's Navigation and Ancillary Information Facility[END_REF]. SPICE, which stands for Spacecraft, Planet, Instrument, Camera-matrix Events, uses ancillary data (planet, moon, spacecraft, and instrument positions, orientations, sizes, and reference frames) expressed in kernels in order to calculate the precise geometry at a given time t.

The geometry of a resolved icy satellite observation is given in Fig. 3.4; an unresolved observation has the same geometry but with a footprint size larger than the target disk. The range R from the Cassini spacecraft to the sub-spacecraft point on the icy satellite is easily calculated with SPICE. We then need to project all data into a coordinate system which corresponds to the spacecraft's view of the satellite, but does not change with spacecraft orientation. An orthographic projection, which is straightforward to compute from latitude/longitude coordinates for a spherical object viewed from infinity, can be applied only if the spacecraft is sufficiently far from its target of observation. However, the conversion to orthographic coordinates is complex for non-spherical bodies such as Saturn's icy satellites. Indeed, Iapetus exhibits significant polar flattening, while the other icy satellites have a triaxial shape, elongated by tides in the Saturn-satellite direction (i.e., perpendicular to satellite's movement on its orbit) [START_REF] Thomas | Sizes, shapes, and derived properties of the saturnian satellites after the Cassini nominal mission[END_REF]. Moreover, in many cases, the Cassini probe was close enough to the target for foreshortening to be significant: objects nearer to the spacecraft have a larger angular size, which changes the aspect of the target seen by the radar/radiometer antenna. Instead, the vertical perspective projection is used. The coordinates are fixed relative to the orientation of the target, unlike the Cassini spacecraft coordinates (x C , y C , and z C ), which change with polarization and radiometer pointing.

We define the x-y plane (hereafter called "spacecraft view coordinates") as the plane tangent to the surface at the sub-spacecraft point, with the -→ y -direction corresponding to the projection of vector from the sub-spacecraft point to the North Pole, as pictured in Fig 3 .4. The spacecraft's angular view of the target is projected onto this plane (Fig 3.4b); the main antenna beam remains circular in these coordinates. There is no simple direct formula to convert from latitude/longitude planetocentric coordinates to the vertical perspective projection. Instead, I used SPICE to built look-up tables of the correspondence between both coordinate systems, for every 0.5 • in latitude/longitude, and for a 201 by 201 grid in x-y coordinates, while taking into account the shape of the satellite and the correct spacecraft distance.

Once the coordinate system is defined, the observation geometry is characterized from the following variables. The angle p, between the y-axis and the projected Cassini spacecraft x C -axis, gives the direction of the sensed electric field, which is the direction of parallel polarization. The latitude/longitude and x-y coordinates of the pointing direction (antenna boresight) are recorded, as well as the emission angle θ (the same as the incidence angle in active radar mode) at that point.

A systematic beam 3 pointing offset has been noticed in radiometer scans of Saturn [START_REF] Janssen | Saturn's thermal emission at 2.2-cm wavelength as imaged by the Cassini {RADAR} radiometer[END_REF], Iapetus (Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]), Saturn's rings (Zhang et al., 2017a), and Jupiter [START_REF] Moeckel | A re-analysis of the Jovian radio emission as seen by Cassini-RADAR and evidence for time variability[END_REF]. This offset, which has an amplitude of about 0.036 • (i.e., a tenth of the main beam diameter), strongly affects the poorly resolved icy satellite radar/radiometry. Following Zhang et al. (2017a), this systematic offset was taken into account by modifying the radar/radiometer (Kuband) instrument boresight direction in the Cassini frame definitions kernel, to match the X-and Kaband boresights, whose kernels had already been corrected by the Cassini Radio Science team from the spacecraft -z C axis [0,0,-1] to [0.0004900,0.0004500,-0.9999998]. Indeed, the Cassini Radar and Radio Science Experiment use the same antenna, and should therefore have the same pointing direction.

Distant radar observations: Disk-integrated radar albedos

As part of my thesis, I participated in the interpretation of the distant icy satellite Cassini radar data, which has been published in Geophysical Research Letters (Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. The analysis of the distant radar observations is summarized herein.

Observations and derivation of the disk-integrated radar albedo

Throughout the Cassini mission, the Cassini radar performed a total of 97 distant active observations, also called "active stares." During these active stares, the radar transmitted 46 W through the 4-meter dish antenna. The receiver operated with a relatively high noise temperature around 900 K, and the received echo power was well below the noise floor for a single measurement. To overcome the low signal strength, the radar stared at the target body while accumulating echo measurements (Fig. 3.5). Spacecraft power constraints limited the Radar to a 7% transmit duty cycle, so the actual integration time was less than the total staring time which usually ran 5 to 10 minutes for a single observation. In order to maximize the signal to noise ratio (SNR), the echo data is Fourier-transformed and then summed in the frequency domain. The transmit events consist of bursts of single frequency pulses at 13.78 GHz. The received echo power is spread out in the frequency domain by Doppler variation which arises from a combination of the relative motion of the spacecraft and the rotation of the target body (Fig. 3.5b). For the icy satellites, the Doppler variation ranges from a few hundred Hz up to about 4 kHz. The pulsed nature of the transmit events introduces grating lobes spaced at the pulse repetition frequency (PRF). The PRF is set to a frequency higher than the Doppler spread of the target, so the central spectral peak is separated from the grating lobes and shows the natural variation of the echo power over the target body. The sum of the echo power in the power spectrum is then scaled by the radar equation to derive the disk-integrated radar albedo of the target body. More specifically, the radar equation is applied assuming azimuthal homogeneity and a diffuse surface scattering function given by σ 0 (θ) = A cos n θ where θ is the incidence angle. The values of A and n are obtained from a least-square fit of the observed power spectrum with a model consisting of the above surface scattering function and the antenna gain pattern integrated over the illuminated area (Fig. 3.5b). The resulting disk-integrated radar albedo is the uniform normalized backscattering value which best reproduces the observed integrated power assuming that the fit model is correct. Therefore, it is derived from the best-fit values of A and n as follows:

A disk SL-2 = 2πR 2 π/2 0 σ 0 (θ) sin θdθ πR 2 = 2 π/2 0 A cos n θ sin θdθ (3.1)
Where the subscript SL -2 indicates same-sense linear polarization (see Section 2.3.3) measured at 2 cm. It results:

A disk SL-2 = 2A n + 1 (3.2)
For comparison with total-power albedos measured on the Galilean satellites (Table 2.2 in Section 2.5.2), we convert the same-sense linear disk-integrated radar albedos into total-power albedos A disk TP-2 following empirical formula proposed for icy satellites by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] and [START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF]:

A disk TP-2 = (1.52 ± 0.13) × A disk SL-2 (3.3)
More details can be found in [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF], [START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF], [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF][START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF].

We note that many stare observations are resolved (i.e., the beam size is smaller than the satellite diameter). Because of the way they are calculated, the values derived here are disk-integrated radar albedos regardless of the resolution. Nonetheless, these radar albedos are only representative of the radar properties in the region observed at that moment (i.e., within the radar footprint). Thus, resolved multi-point stares allow the detection of regional variations in radar albedo.

Results

The choice of a diffuse cosine law for the surface scattering function is supported by the shape of the measured spectra (Fig. 3.5). As stated in [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF], "none of them, and none of the ground-based echo spectra from any of our targets or the icy Galilean satellites, show any hint of the specular (narrowband) scattering expected if the echoes were dominated by single backreflections from surface elements that are large and smooth at scales near the wavelength. Rather, the spectral shapes are broad, indicating diffuse scattering from structural complexity at some scale(s) comparable to the wavelength or larger." As discussed in Section 2.5, diffuse scattering is also consistent with the high radar brightness and relatively low emissivities of the icy Galilean and Saturnian satellites.

The details of each observation and the derived parameters A, n, A disk SL-2 , and A disk TP-2 are provided in Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. The resulting radar albedos, averaged both globally and for the leading and trailing hemispheres of each satellite, are summarized in Table 3.2 and plotted in Fig. 3.6. All of Saturn's inner moons have extremely high radar albedos with values above unity even when accounting for all possible sources of uncertainties. Enceladus is the most radar-bright satellites of Saturn, followed by Tethys, Mimas, Rhea, Dione, Iapetus, Phoebe, and Titan, in that order.

We also note that the derived values for the shape parameter n range from about 1 to 5 (with a standard error typically < 0.1 -0.2; see Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. This parameter characterizes the rate at which the radar backscatter decreases with the incidence angle. More specifically, it quantifies how focused diffuse scattering from the surface is. n > 2 implies that the measured diffuse scatter is more focused than that of a Lambertian surface (i.e., a perfectly rough surface that scatters uniformly in all directions). The very high values obtained for Titan (n = 2.7 -9.8) and their associated large standard errors suggest that the diffuse scattering model does not apply well to the surface of this satellite. However, because n is a semi-empirical parameter it cannot be more explicitly related to the surface properties.

The spatial distribution of radar albedos on each satellite is pictured in Fig. 3.7. On Iapetus, the leading/trailing dichotomy is cleary apparent at 2.2 cm. On Mimas and Dione, the leading side has not been observed, so no dichotomy can be detected. On Enceladus, partial coverage and poor resolutions also do not permit the detection of regional anomalies. On Tethys, the unique leading hemisphere observation is brighter than the two trailing hemisphere data points, consistent with the dichotomy observed at optical wavelengths (Section 1.5). Finally, significant variations in Rhea's radar albedo seem to occur at different scales, and are difficult to discern at the resolution of the stares.

These results and their interpretations are further discussed in Section 3.4. Table 3.2 -Summary of the radar properties of Saturn's satellites as derived from Cassini radar distant stare observations. The range of values extracted for the parameters A and n are given. The details for each observation are included in the supplementary material of Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. The Galilean satellites Europa, Ganymede, and Callisto are included for reference. a For comparison with measurements made on the Galilean satellites at 3.5-cm (A disk TP-3.5 ), we have converted Cassini same-sense linear disk-integrated radar albedos into total-power albedos A disk TP-2 using the formula proposed in [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] and Ostro et al. ( 2010). b Total-power 3.5-cm radar albedos of the Galilean satellites are repeated here (from Table 2.2) for convenience. The color code indicates the value of the derived radar albedo A disk SL-2 for each line of observations. The Inktomi ejecta blanket is indicated on Rhea. For all satellites except Phoebe (which is not synchronous), the leading side is centered at -90 • E and the trailing side at 90 • E.

Satellite Number of stares

n A Average A disk SL-2 Leading A disk SL-2 Trailing A disk SL-2 Average A disk

Resolved radar observations: scatterometry

As part of my thesis, I re-calibrated the available Cassini scatterometry data of Rhea and Dione in order to take into account the aforementioned radar antenna pointing offset (see Section 3.1.3), then examined the backscattering behavior of different regions on these icy satellites. This work has been published as part of the comprehensive analysis of the icy satellite Cassini radar data (Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. The updated calibration process is detailed hereafter, and our results and interpretations are summarized in Section 3.4.

Observations

Active spatially resolved data were acquired during one close flyby of Iapetus [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], two close flybys of Enceladus (one partially remaining to be analyzed; [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF][START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF], one close flyby of Rhea [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF]; reanalyzed herein), and one close flyby of Dione (this work). These observations are briefly described below and their characteristics are provided in Table 3.3.

Iapetus

During Cassini's 49th orbit around Saturn (IA049, Sept. 9-10, 2007), the radar was assigned a time slot while the spacecraft was at a range of ∼20 000 km from Iapetus. The SAR image obtained during this close encounter is described in [START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF] while the scatterometry data were processed and analyzed by [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] and the radiometry data by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. Both the spatially-resolved scatterometry and radiometry images acquired during IA049 are shown in Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. The scatterometry analysis yields a same-sense linear polarization radar albedo A disk SL-2 = 0.29 ± 0.01 for the dark leading side of Iapetus and A disk SL-2 = 0.53 ± 0.05 for the bright polar regions [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF].

Enceladus

Wye (2011) describes the scatterometry analysis of the resolved data collected during Cassini's 120th orbit around Saturn (called EN120 or E7) in November 2009. The observation occurred at a range between 30 000 and 57 000 km and yields A disk SL-2 = 3.14±0.08 for a sub-spacecraft point at 36 • E longitude and -25 • N latitude [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF]. Another scatterometry observation occurred in November 2011 (called EN156 or E16) but remains to be analyzed. The corresponding SAR images are shown in the supplementary material of Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF].

Rhea

Wye (2011) describes the scatterometry analysis of spatially resolved data collected during flyby RH127 (March 2, 2010). This observation occurred with a sub-spacecraft point centered at (-157.4 • E, 0 • N). These data were re-reduced for this work in order to take into account the pointing offset discovered since the work by [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF].

Dione

For this work we conducted the analysis of the spatially-resolved active observations acquired during flyby DI163 (March 28, 2012) following the approach described in [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] and accounting for the boresight offset. This observation occurred with a sub-spacecraft point centered at (-18.5 • E, -0.9 • N).

Data reduction

The scatterometry data available on PDS have originally been reduced and calibrated according to the method of [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] with the following form of the Real Aperture Radar equation (derived from Eq. 2.24):

σ 0 avg = (4π) 3 P r P t G 2 λ 2 A g 2 (dA)dA R 4 (dA) -1
(3.4)

where P t and P r are the transmitted and returned power, λ is the instrument's operating wavelength, G is the peak gain of the antenna, g(dA) is the normalized gain of the antenna pattern at surface element dA, R(dA) is the range to this surface element, and σ 0 avg is the NRCS, averaged over the footprint, as defined in Section 2.3.2. The integral is evaluated numerically by projecting the beam pattern onto the surface, where the range and area of each surface element are known.

However, as mentioned in Section 3.1.3, a boresight pointing offset has since been discovered, which affects the results of the integral in Eq. 3.4. A small residual pointing offset, of varying amplitude, is also present: it is derived from the radiometry data as detailed in Section 4.2.4. Once the offset was found, rather than redoing the entire reduction (which is complicated for example by ITAR restrictions on the codes), I corrected this inaccuracy by evaluating the integral with and without accounting for the offset:

σ 0 avg = σ 0 avg,no offset A g 2 (dA)dA R 4 (dA) no offset A g 2 (dA)dA R 4 (dA) -1 with offset (3.5)
The correct values of σ 0 avg are thus obtained. Similarly, the effective incidence angle θ eff over the footprint is weighted by the beam pattern and the range, but also by σ 0 itself, since regions of locally high reflectivity (such as those observed with a small incidence angle) return more signal than others. The iterative method used by [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] in order to derive θ eff is summarized hereafter. She modeled the backscatter as a cosine power law: σ 0 (θ) = A cos n (θ), consistent with diffusely scattering surfaces such as icy satellites (Ostro et al., 2006;[START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF]. Knowing the incidence angle θ(dA) at each surface element dA, she computed the simulated average backscatter σ 0 avg,sim :

σ 0 avg,sim = A g 2 (dA)A 0 cos n 0 (θ(dA))dA R 4 (dA) A g 2 (dA)dA R 4 (dA) (3.6)
for a given (A 0 ,n 0 ) pair. The modeled effective incidence angle can then be found for this (A 0 ,n 0 ) pair by inverting the cosine backscatter law:

θ eff,sim = cos -1        σ 0 avg,sim A 0        1/n 0 (3.7)
Note that A 0 can be taken out of the integral in Eq. 3.6, and consequently cancels out in Eq. 3.7. Therefore only n 0 needs to be found in order to find the correct value of θ eff . [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] thus iterated on different possible values of n 0 . For each n 0 , she derived θ eff , and plotted the corresponding observed values of σ 0 avg , as shown in Fig. 3.8-3.9. She then fit σ 0 avg as a function of θ eff by a cosine power law and derive a new value of n, which we call n f . This process is iterated upon until the input and output n are the same (n f = n 0 ); θ eff is then calculated using this value. This process is illustrated in Figs. 3.8-3.9.

In order to account for the pointing offset in the derivation of θ eff , the same method is used as by [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF], while adjusting the beam pattern distribution for the correct pointing direction. On Rhea, a radar-bright region was identified around Inktomi crater, a young crater (located at 14.1 • S, 112.1 • W) surrounded by an optically bright ejecta blanket (see Section 1.5.1 for details). All data within 25 • in latitude/longitude from the Inktomi crater were therefore examined separately from the rest of the scatterometry data, as pictured in Fig. 3.8. Similarly, on Dione, the leading and trailing hemispheres exhibit different radar behaviors, with the leading hemisphere appearing more radar-bright. Data to the East or West of 0 • E were examined separately, as illustrated in Fig. 3.9. Once the data are correctly calibrated and the best fitting values of A and n have been found, it is possible to calculate the radar albedo A disk SL-2 using Eq. 3.2; all three variables are given for Rhea and Dione in Figs. 3.8-3.9. These values are nicely consistent with those found from distant stare observations (Section 3.2).

Results

The fully calibrated normalized backscattering cross-section σ 0 is mapped in Figs. 3.11-3.12 for Rhea and Dione, respectively. To represent the scattering behavior over the whole observed region, we correct for incidence angle effects by calculating σ 0 for θ = 32 • , using the scattering laws described above and given in Figs. 3.8-3.9.

On Rhea, the real aperture radar image produced by [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] (shown in Fig. 3.10), showed locally high radar brightness on the trailing hemisphere and the Inktomi ejecta blanket, while the Northern high latitudes appeared particularly radar-dark. After re-reducing this dataset while taking the pointing offset into account (Fig. 3.11), we see neither a leading/trailing dichotomy nor a clear difference between the northern and southern high latitudes; these effects were most likely caused by the antenna pointing offset. The high-latitude regions appear slightly less radar-bright than lower latitudes; however, this effect is of low amplitude and may be caused by inaccuracies (the incidence angle correction, for instance, is less reliable near the limbs). The Inktomi Ejecta Blanket Region (IEBR), however, remains very radar-bright, as expected from the analysis of backscattering curves (Fig. 3.8).

Dione is globally less radar-bright than Rhea (Fig. 3.9), consistent with distant radar data (Table 3.2). A leading/trailing radar albedo dichotomy is apparent in both the backscatter images (Fig. 3.12) and the scatterometry curve (Fig. 3.9). Indeed, the leading side is brighter than the trailing side, which mirrors the optical dichotomy (see Fig. 1.6). This dichotomy is not obvious in the stare data, most likely due to the scarcity of observations on the leading hemisphere (Fig. 3.7). We note that the pointing offset is particularly challenging to determine for the DI163 flyby due to confusion with real surface temperature variations (see Section 4.2.4). The scatterometry data was reprocessed using three different values of pointing offset (from none to 0.02 • in the x-direction). The leading/trailing dichotomy was always obvious, though its amplitude varied. Consequently, this dataset allows for a qualitative interpretation but calls for caution before quantitative analysis. 

Interpretations

Radar albedo and water ice purity

Diffuse subsurface scattering is generally associated with high water ice purity. Indeed, a transparent medium such as water ice allows for large (> 10 -100 times the wavelength) penetration depths of the incident waves, which therefore have many opportunities for multiple scattering by voids and inhomogeneities in the subsurface (see Section 2.5). Conversely, the presence of non-icy contaminants, which absorb the signal and thus decrease the probed depths, reduces the opportunities for scattering and consequently decreases the radar albedo. At first order, the radar albedos of Saturn's moons can therefore be regarded as a measure of the degree of purity of their regoliths or, inversely, as a measure of their degree of contamination by non-ice compounds. A further argument for the association between high radar albedo and high water ice purity is that the satellite-to-satellite variability in radar albedo closely follows (with a Pearson correlation coefficient of 0.91) that of the optical geometric albedo (Fig. 3.13).

The fact that Saturn's inner moons are more radar-bright than the Galilean moons (Table 3.2) therefore points to a "cleaner" icy regolith on the former, consistent with their generally higher bolometric Bond albedos [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF]. The surfaces of Saturn's inner icy moons are thus primarily composed of high-purity water ice, more so than the outer satellites (Iapetus and Phoebe) which are more radar-dark. The low average radar brightness of Titan (Table 3.2), the lowest in the Saturn system, is explained by the abundance of likely optically dark organic matter on top of its icy crust (e.g., [START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF]. As discussed in Section 2.5.4, regionally high radar scattering on Titan is often associated with the presence of water ice, e.g. in crater ejecta blankets. The same interpretation holds for the radar-bright Inktomi ejecta blanket, on Rhea, where high-purity water ice was likely excavated by the impact. On Iapetus, the leading hemisphere is subjected to contamination by an optically dark non-icy material from the Phoebe ring (Section 1.4.2), causing a dichotomy at optical wavelengths. The fact that the radar observations at 2.2 cm exhibit a similar dichotomy implies that the thickness of the dark deposits is at least of few centimeters (Fig. 3.7 and Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], consistent with results from CIRS [START_REF] Rivera-Valentin | Revisiting the thermal inertia of Iapetus: Clues to the thickness of the dark material[END_REF].

Meanwhile, in the inner Saturn system, water ice purity is primarily controlled by the deposition of E-ring particles.

Interactions with Saturn's E ring

The optical and radar albedos both decrease with distance to Enceladus. The variations in optical geometric albedo have been attributed to the surface abundance of water ice, which for the inner satellites is controlled by the deposition of icy E ring particles (Section 1.7; Fig. 3.6d; [START_REF] Verbiscer | Enceladus: Cosmic Graffiti Artist Caught in the Act[END_REF].

Simulating the dynamics of E ring particles as their orbit evolves (due to Saturn's gravity, plasma drag, radiation pressure and electromagnetic forces) has allowed [START_REF] Juhasz | Dust Delivery from Enceladus to the Moons of Saturn[END_REF] to derive the spatial distribution of particles impacting the icy satellites, presented in Fig. 3.14, from [START_REF] Kempf | Saturn's Diffuse E Ring and Its Connection with Enceladus[END_REF]. These deposition maps match both the optical-IR data (e.g., Fig 1.4, from Schenk et al., 2018) and the available radar brightness measurements (Fig. 3.7) fairly well (with the exception of Rhea). Thus, the leading/trailing radar albedo dichotomies of Dione (resolved observation, Section 3.3.3) and Tethys (distant observations, Section 3.2.2) are consistent with varying water ice purity caused by ultra-clean water ice particles from the E ring, which are expected to be deposited preferentially on their leading sides. [START_REF] Morrison | The satellites of Saturn[END_REF][START_REF] Verbiscer | Enceladus: Cosmic Graffiti Artist Caught in the Act[END_REF]Hendrix et al., 2018). The best linear fit between these quantities is indicated (black dashed line); it relates p to A disk SL-2 as follows: A disk SL-2 = 1.98p + 0.07. Rhea, being further from Enceladus and receiving less E-ring material than Dione, should be more radar-dark than Dione. Instead, the radar stares (Fig. 3.7 and Table 3.2) and the resolved scatterometry (Fig. 3.11-3.12) both show a higher average 2.2-cm radar albedo on Rhea than on Dione. Rhea is also brighter than Dione in the infrared [START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn II: Identification of terrain units on Rhea[END_REF] and at 13 cm [START_REF] Black | Arecibo radar observations of Rhea, Dione, Tethys, and Enceladus[END_REF]. Possible explanations include the fresh water ice in the Inktomi ejecta blanket (which increases the average global albedo of Rhea), decreased space weathering at Rhea's orbit [START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn II: Identification of terrain units on Rhea[END_REF], and increased contamination by an optically and radar-dark exogenic agent on Dione, especially on its trailing side (e.g., [START_REF] Clark | Compositional mapping of Saturn's satellite Dione with Cassini VIMS and implications of dark material in the Saturn system[END_REF]. Furthermore, the lack of a leading/trailing dichotomy at radar wavelengths (although one is apparent in the optical, see Fig. 1.4) on Rhea indicates that both the optically dark layer of contaminants on the trailing hemisphere and the possible bright layer of E ring water ice on the leading hemisphere must be thin (at most a few centimeters), making both sides similar at radar wavelengths.

On Dione and Mimas, the hemispherical dichotomy is obvious in the radar observations. At least a decimeter of E-ring material must therefore be present to guarantee a significant effect on the degree of scattering and hence on the measured radar albedos (e.g., Black et al., 2001b). Yet, current models predict a layer of at best a few centimeters for Mimas and less than a millimeter for Rhea and Dione (assuming a porosity of 50%) of E-ring material mantling these surfaces after 100 Myr, which is likely a strict upper limit for the age of the E-ring and cryovolcanism on Enceladus [START_REF] Juhasz | Dust Delivery from Enceladus to the Moons of Saturn[END_REF]Hendrix et al., 2018).

Rather than a low-velocity deposition process, the E-ring particles may impact the icy satellites at high velocities (> 5 km/s) and "sandblast" the surface. This "sandblasting" would excavate the clean subsurface water ice, which would fall back to coat the surface [START_REF] Verbiscer | Enceladus: Cosmic Graffiti Artist Caught in the Act[END_REF]Howett et al., 2018). While such a process would affect the structure and porosity of the surface, it would only very slightly increase the purity of the water ice over the several meters probed by the Cassini radar. It therefore remains likely that the influx of icy E-ring particles is the root cause for the higher radar brightness, independent of their impact velocity.

The discrepancy between model predictions of E-ring material influx and observations has already been reported by [START_REF] Hirata | Particle deposition on the saturnian satellites from ephemeral cryovolcanism on Enceladus[END_REF]; based on the analysis of depositional features on Helene (a co-orbital moon of Dione), they estimate the E-ring deposits to be tens to hundreds of meters thick. [START_REF] Thomas | The inner small satellites of Saturn: A variety of worlds[END_REF] and [START_REF] Thomas | The Inner Small Satellites of Saturn, and Hyperion[END_REF] estimate similarly deep deposits of loose, icy debris on all trojans (Helene, Callisto, Telesto, and Polydeuces), but consider the E-ring to be an unlikely source. Instead, they suggest that ejecta from large impacts on the primary (Tethys or Dione) may reach the Trojans at low velocities [START_REF] Dobrovolskis | Exchange of ejecta between Telesto and Calypso: Tadpoles, horseshoes, and passing orbits[END_REF][START_REF] Thomas | The inner small satellites of Saturn: A variety of worlds[END_REF][START_REF] Thomas | The Inner Small Satellites of Saturn, and Hyperion[END_REF]. On Enceladus, however, the evidence for buried craters [START_REF] Kirchoff | Crater modification and geologic activity in Enceladus' heavily cratered plains: Evidence from the impact crater distribution[END_REF] and pit chains [START_REF] Martin | Pit chains on Enceladus signal the recent tectonic dissection of the ancient cratered terrains[END_REF] point to a much thicker regolith than predicted by models of plume-sourced regolith deposition. Radar observations thus raise the question of the intensity and age of Enceladus's cryovolcanic activity and suggests that current models underestimate the rate of deposition of particles from the E-ring at the surface of Enceladus's neighbors.

Structure of the regoliths

Although the degree of purity of the water ice regolith controls the significance of high-order scattering in the near surface, the composition alone cannot explain the extremely high albedos recorded by the Cassini radar. Like the Galilean satellites (Section 2.5), the inner satellites of Saturn must contain scattering structures that are especially efficient in returning waves in the backscattering direction. The Coherent Backscattering Effect (CBE) has therefore been invoked as a likely subsurface scattering process on Saturn's inner moons [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF]. These authors also noted that the 13 cm radar albedos (Table 2.2) are lower than those at 2.2 cm (Table 3.2). This decreasing radar albedo with increasing wavelength can be explained either by i) the presence of an absorbing component such as ammonia at depths of 10-100 m [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF], ii) the subsurface scattering process being less active at these depths (few or no scattering structures at 10-100-mdepths), or iii) the subsurface scattering being less active at these wavelengths (the size and spacing of the structures both need to be of the order of the wavelength for the CBE to be efficient; [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF]Black et al., 2001b and Section 2.5.2).

Yet even compared to those of Jupiter's satellites, the 2.2-cm radar albedos of Saturn's inner icy satellites are exceptionally high, implying higher densities of backscattering structures. Dione, the most radar-dark inner satellite (A disk TP-3.5 = 2.55 ± 0.66; Table 3.2), is about as radar-bright as Europa (A disk TP-3.5 = 2.31 ± 0.36; Table 2.2), the most radar-bright Galilean satellite. The capacity of the CBE model to boost the intensity in the backscattering direction is limited and an extremely high density of scatterers (as much as 80% of the scattering layer must be occupied by scatterers rather than the propagation medium) is already required for Europa (Black et al., 2001a), which is twice as faint as Enceladus. The density, shape, and origin of the scattering structures leading to the extreme radar albedos of Saturn's inner icy moons remain to be determined, for instance with numerical models or field and laboratory studies of water ice dielectric and scattering properties at cm wavelengths.

The Cassini radiometry observations of Saturn's icy satellites, by investigating their thermal behavior and probing down to larger depths than the active radar, can offer insights complementary to that of the radar into the structure and composition of the subsurface of Saturn's icy moons.

Chapter 4

Saturn's icy satellites seen by the Cassini radiometer Cassini 2.2 cm radiometry of Saturn's icy satellites constitutes a heterogeneous dataset, with unequal resolutions, spatial coverage, and temporal sampling. Nonetheless, it provides unique clues to the structure and composition of the top few meters of the surface, which no other Cassini instrument can probe. This chapter provides the observational and data processing details, including the deconvolution method used to produce maps of the microwave brightness temperature of the main icy satellites of Saturn.

Observations

There are three different types of Cassini radiometry icy satellite data: the "resolved scans" collected concurrently with the scatterometry (Section 3.3), the "stares" acquired concurrently with active radar stares (Section 3.2), and the "distant scans", dedicated to the radiometer and during which the radar transmitter was OFF. All three types of observation are shown in Fig. 4.1 on the example of the RH127 Rhea flyby that occurred on March 2, 2010. The geometry of all icy satellite radiometry observations is summarized in Table 4.1.

Distant scans were designed for radiometry: the antenna scanned the target, regularly moving off-target for baseline calibration. Despite their primary objective being the measurement of the diskintegrated brightness temperatures, the distance to the target could significantly vary from one scan to another (from 40000 to 400000 km), and several distant scans do resolve features at the surface, with beam radii of at best 0.3R target (where R target is the radius of the observed icy satellite; see Table 4.1). In addition, the integration time was longer (about 1 s) during distant observations than during stares, implying low photon noise (see Section 2.4.3).

Resolved scans were performed on Rhea (RH127 flyby), Dione (DI163), Iapetus (IA049), and Enceladus (EN156), during which active scatterometry and passive radiometry data were simultaneously collected (with the same viewing geometry and spatial resolution) from distances of 5000 to 100000 km. Resolved radiometry observations are particularly useful as they can be analyzed jointly with concurrent scatterometry. However, they are also especially difficult to calibrate i) because the radar transmitter was ON during these scans, leading to instrument warming, ii) due to the lack of a "cold sky" observation during or, in the case of Rhea, after the scan.

Stares were intended for calculation of the average radar albedo of the observed hemisphere, as described in Section 3.2. Radiometry measurements were performed in-between burst cycles, with a shorter integration time (< 0.3 s) than during distant scans, leading to a higher noise level. Calibration of the radiometry data acquired during stares is particularly challenging because i) the antenna does not move off-target, therefore a baseline calibration during the stare is impossible and ii) the fact that the transmitter is ON affects the receiver temperatures, especially if the integration time is short (long integration times let the receiver cool down in-between bursts). We therefore use caution whenever interpreting these data. Furthermore, they are only moderately useful as coverage is restricted to a few points on the target. The half-power beamwidth at the beginning and end of each sequence is shown with a magenta circle. The direction of the electric field (direction of parallel polarization) is indicated with a black double arrow. The background Rhea map is the global enhanced 3-color Rhea mosaic (PIA18438), projected to spacecraft view coordinates. Bottom: Calibrated antenna temperatures during the RH127 observation. The baseline is set to the CMB temperature (2.7 K). The moment the radar transmitter turns ON is indicated with a red arrow. Periods when the radar transmitter was ON and the integration time was shorter than 0.3 s are indicated in red: during these observations, the background temperature is higher due to heating of the receiver. We therefore only use the resolved scan data acquired after minute 366, when the receiver temperature is stable (see Section 4.2.3).

Table 4.1 -Cassini icy satellite radiometry observations. Distant scans are identified with a "u" in the observation IDs, stares with an "s", and resolved scans with an "r". The center (i.e., subspacecraft) point coordinates are given in • E longitude and • N latitude. Unusable data (due to temperature changes caused by the radar transmitter being ON or to lack of baseline observations for calibration) are indicated with the symbol ×, whereas the data that were successfully reduced are indicated with the symbol ✟. Disk-integrated brightness temperatures T disk B are derived following the method described in Section 4.3. When calculating T disk B , the usable part of stares are if possible included in the distant scan data. 

Satellite

Calibration

Radiometry calibration

We follow the calibration method developed for Titan described in [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF], updated to account for temporal gain drift by [START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF], and adapted to airless icy satellites (i.e., removing absorption in Titan's atmosphere). The antenna temperature T A at time t is given by the following equation (similar to Eq. 2.45):

T A (t) = V out (t) G rec (t) -T sys (t) -T FSL (t) -T zero (t) × F cal (t y ) × F airless (4.1)
where V out is the normalized counts measured, G rec is the radiometer gain, T sys is the system temperature, T FSL is the far sidelobe contribution, T zero is a baseline offset (due to instrumental noise) obtained from observing the empty sky (including both the instrumental temperature background and the CMB temperature of 2.7 K), and F cal is the correction factor introduced by [START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF] to account for gain drift over time over the course of the Cassini mission. The calibration by [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF] was fine-tuned for Titan, whose atmosphere absorbs a small part of the signal even at a wavelength of 2.2 cm. A final correction factor of F airless = 1/0.9945 is necessary to apply these calibration values to airless icy satellites [START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF]Zhang et al., 2017a).

The system temperature T sys (t) varies with time during each flyby; it is calculated from the resistive load temperature T rl while taking into account the receiver attenuation a 0 = 0.8 and the receiver temperature T rec = 550 K:

T sys (t) = (1 -a 0 )T rl (t) + T rec a 0 (4.2)
Because the reference load signal has a very short integration time (generally about 0.02 s) leading to important noise, a one-minute moving average is applied to stabilize it. The gain also varies on relatively short timescales, and is calculated as follows [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF]:

G rec (t) = CN rl (t) T rec + T rl (t) (4.3)
where N rl is the normalized counts on the reference load (measured during each burst cycle; see Fig. 3.3) and C is a calibration constant. The gain also varies on longer timescales due to aging of the receiver components: this variation is accounted for in F cal (t y ) as follows:

F cal (t y ) = 0.9743 + 0.0029 × (t y -2004) × 1 -(t y -2009.61) × 0.002 × 0.998 (4.4)
where the observation time t y is expressed here in years. This unwieldy expression has been updated multiple times over the course of the Cassini mission. The derivation of and adjustments to these factors are detailed in [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] Janssen | Saturn's thermal emission at 2.2-cm wavelength as imaged by the Cassini {RADAR} radiometer[END_REF][START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF] and Zhang et al. (2017a). Finally, we note that the correction factors F cal (t) and F airless must be applied after removing the far sidelobe contribution and baseline offset, because the factors were determined that way.

The derivation of both T FSL and T zero are described hereafter. The calibration process is illustrated in Fig. 4.2.

Removal of the far sidelobe contribution

As detailed in Section 3.1.1, the radiometer beam pattern is composed of a Gaussian main beam with a half-power width of 0.373 • and near sidelobes up to 2 • which are well characterized (Fig. 3.1), and far sidelobes (FSL) extending from 2 • to 90 • , all of which are given in [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF]. The FSL contribution T FSL and the calibrated 0 -2 • antenna temperature T A thus correspond to the convolution of the normalized beam pattern g(θ z , φ) with the brightness temperature T B (θ z , φ) over the ranges of θ z corresponding to the desired angle from the boresight, as follows:

T A (t) = 180 • 0 • 2 • 0 • T B (θ ′ z , φ ′ )g(θ ′ z -θ z (t), φ ′ -φ(t)) sin θ ′ z dθ ′ z dφ ′ (4.5) T FSL (t) = 180 • 0 • 90 • 2 • T B (θ ′ z , φ ′ )g(θ ′ z -θ z (t), φ ′ -φ(t)) sin θ ′ z dθ ′ z dφ ′ (4.6)
where θ z (t)si the zenith angle and φ(t) the azimuth angle, defining the antenna boresight pointing direction at time t. In order to estimate the FSL contribution T FSL (t) as a function of time t throughout each scan, we assume a brightness temperature model comprising a disk of constant temperature T disk , against a 2.7 K sky background. If Saturn is present in the FSL, we also include it as a disk with the latitudinal 2.2-cm temperature profile derived by [START_REF] Janssen | Saturn's thermal emission at 2.2-cm wavelength as imaged by the Cassini {RADAR} radiometer[END_REF].

The disk temperature T disk is initially assumed to be 50 K to calculate a first estimate of T FSL using Eq. 4.6. T FSL is removed and the calibration is completed as described above (Section 4.2.1) to obtain a fully calibrated T A . We then simulate the antenna temperatures by convolving a limbdarkened disk of uniform temperature T disk with the beam pattern along the scan path, following Eq. 4.5. The limb-darkening consists in a simple cos 0.04 (θ) brightness taper, where θ is the emission angle, as described in Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. We fit these simulated antenna temperatures to the observed calibrated T A to obtain the best value of T disk for each distant scan. The value for T disk , which ranges from 31.7 K for Tethys's early morning to 86.1 K for Phoebe, is then used to recalculate the FSL (without limb-darkening). For resolved scans and stare observations, we assume the same disk temperature as the distant scan(s) undergone during the same flyby (because they are close enough in time that they observed the same region at the same local time). Overall, the observation resolution is low enough that the FSL always contribute less than 5% to the signal; it is therefore not necessary to include surface temperature variations when calculating T FSL .

Determination of the baseline offset

The temperature baseline offset T zero is determined after having subtracted the FSL contribution. During a distant scan, the antenna regularly moves away from the satellite disk and observes the sky for baseline calibration, leading to a comb-shaped time sequence (Fig. 4.1). Each time the radiometer points away from the target, the antenna temperatures of the 20 points with the least target contribution are averaged, and this level is interpolated linearly when pointing at the target. The zero level is mainly influenced by the instrument physical temperature, but if the antenna does not move far enough from the target, it may also include a contribution from the near sidelobes. This is taken into account by subtracting a zero level in the exact same way whenever we compute a simulated T A .

The stares and resolved scans, which were acquired while the Cassini radar transmitter was ON, are more challenging to calibrate. Indeed, the transmitter causes an increase in the receiver temperature, which plateaus at 2-3 K after 10-20 minutes (depending on the integration time); for example, a temperature increase can be seen during the RH127_3s stare in Fig. 4.1. In addition, in some instances, the transmitter was turned successively ON and OFF during the stares, causing jumps in the radiometry temperature measurements. Similarly, for longer integration times, the receiver cools down in-between bursts, leading to lower temperatures. Thus, if the integration time changes, the observation is too short, or the transmitter turns OFF before the temperature is stable, we simply cannot use the radiometry data.

Several stares include radiometry data collected before the transmitter is turned ON: these data can be used without specific caution, but are only moderately useful as they only cover a single observation point. The baseline T zero in this case is simply a linear interpolation of the baseline before the stare began and/or after it ended, if the temperature is stable. This is the case of all stare observations that were used for radiometry.

Because the radar transmitter had been ON for long enough, the temperature is stable during the resolved scans of Dione (DI163_1r) and Iapetus (IA049_3r). The baseline offset T zero is therefore estimated by interpolating the sky observations before and after the resolved scan. During the inbound part of the Enceladus EN156 flyby (EN156_1u to EN156_5r), Saturn and its rings are behind Enceladus, rendering this data difficult to calibrate as a very accurate Saturn and ring effective temperature model has to be used to subtract their contribution.

Similarly, the temperature is stable during part of the resolved scan of Rhea RH127_4r. The cold sky observation directly before the resolved scan is only partially affected by the instrument warming because while the transmitter was ON, the integration time was 0.9 s, which is long enough for the receiver to cool down in-between bursts. The integration time then dropped at the beginning of the resolved scan (at minute 358 in Fig. 4.1), leading to a warming of the receiver over the first few minutes of resolved data. In order to assess the amplitude of the receiver heating and estimate after how long the system temperature stabilized, we applied the following steps. We first deconvolved (see Section 4.4 for the deconvolution method) the last half of the resolved data (minutes 380-415 in Fig. 4.1) which, >20 min after the integration time drop, have a stable receiver temperature. The temperature map thus obtained was then convolved with the beam pattern to obtain a simulated timesequence. We find that the residual between the simulated time-sequence and the resolved observation stabilizes after 8 minutes; we therefore only kept the data acquired after this time (minute 366 in Fig. 4.1). We then calculated the disk-integrated temperature for these data and the two distant scans performed during the same flyby (i.e., on the same disk between minutes 230 and 325, see Fig. 4.1). Lastly, the difference in disk-integrated brightness temperature was subtracted from the resolved data, ensuring that this dataset is consistent with the unresolved and less noisy one.

Pointing and time offset correction

In addition to the aforementioned systematic pointing offset (Section 3.1.3), there is a higherorder fluctuating offset, which has to be derived independently for each observation [START_REF] Moeckel | A re-analysis of the Jovian radio emission as seen by Cassini-RADAR and evidence for time variability[END_REF]. There is also a small error t offset < 0.6 s in the timing of each observation. The offset in time t offset and in the x and y directions (defined in Section 3.1.3), x offset and y offset , are found for radiometry scans using a method very similar to Le Gall et al. ( 2014) and described below. The offsets derived from radiometry scans are then applied to all active and passive data taken during the same flyby.

In order to find the offsets, a simple temperature model (called here T LM for latitudinal model) is applied. This model allows for latitudinal temperature variations (with colder polar regions):

T LM (φ) = T equator -∆T × 1 -cos 2φ 2 (4.7)
where φ is the latitude and T equator is the temperature at the equator (φ = 0 • ). These temperatures are projected into spacecraft view coordinates. A simple emissivity map e map is then derived from Fresnel's equations as described in Section 2.4.2, assuming a dielectric constant of ε ′ r = 1.15. This value was chosen for the dielectric constant because, as will be shown later, it fits most data best; it is so low that the main effect of the resulting emissivity map is to add a small amount of limb darkening. The modeled brightness temperature map in spacecraft view coordinates is then given by T B = e map × T LM .

For each scan, the icy moon's angular size, antenna polarization, and pointing direction calculated using the SPICE toolkit can be interpolated from their values at a time t, to a time t + t offset .

The pointing direction is adjusted to [x 0 + x offset ,y 0 + y offset ]. The beam pattern (main beam and near sidelobes up to 2 • ) is convolved with T B (Eq. 4.5), with the center of the beam lying at coordinates [x 0 + x offset ,y 0 + y offset ], for all times t + t offset . We thus obtain a simulated antenna temperature time sequence, which can be directly compared with the observed antenna temperature T A . The model is fit to the data using the Levenberg-Marquardt algorithm for non-linear least squares parameter estimation [START_REF] Levenberg | A method for the solution of certain problems in least-squares[END_REF][START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF], with the five parameters (x offset , y offset , t offset , T equator , ∆T ). The observations near the center of the icy satellite disk may capture real surface effective temperature variations that are not included in this model (e.g., caused by differences in local time or regional emissivity anomalies); consequently, only the data near the limbs is included in the fit (within one half-power beam width of the circle of radius 1.3 satellite radii). This process is illustrated for two example flybys in Fig. 4.3.

Measurement uncertainties

The uncertainty σ associated with our final value of the antenna temperature T A is composed of i) random Gaussian noise σ G including the instrumental noise and photon noise decreasing as the inverse square root of integration time with an added constant (Fig. 4.4), and ii) a 1% calibration uncertainty that globally takes into account uncertainties in the gain and the calibration factors [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF]. The uncertainty on the antenna temperatures T A is then given by the following equation:

σ = σ 2 G + (0.01T A ) 2 (4.8)
We determine σ G empirically by examining the standard deviation of the sky observations for each flyby as follows.

For each flyby, observations with constant average temperatures are selected: these are either observations of the sky or of a fixed point on the target during stares. The calibrated antenna temperatures are smoothed over 20 consecutive bursts. The difference between the observed and smoothed antenna temperatures, plotted in Fig. 4.4a for an example flyby, provides an estimate of the noise level. For each flyby and for each integration time, the standard deviation of the noise is calculated. As expected, we find that the amplitude of the Gaussian noise is inversely proportional to the square root of the integration time, with an added offset taking into account the constant instrument read noise: σ G = 0.058/ √ t int + 0.045 (Fig. 4.4b). Because the noise level varies, especially near 0.8 to 1 s integration times, we use the empirically determined value of σ G for each flyby. We note that, for an integration time of t int = 1 s, we find a measurement noise of ∼0.1 K, which is about four times higher than the theoretical value 0.026 K given in [START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] Janssen | Titan's surface at 2.18-cm wavelength imaged by the Cassini {RADAR} radiometer: Results and interpretations through the first ten years of observation[END_REF]. After re-examination of this previous work, an error of a factor √ 10 has been found in the calculation of the measurement noise, which should therefore be 0.075 K for t int = 1 s (Janssen, personal communication), that is, much closer to the value found here empirically (∼0.1 K). The small error found here does not affect previously published results, for which the calibration uncertainty dominates. 4.3 Preliminary analysis: disk-integrated temperatures

Extraction of disk-integrated temperatures

The disk-integrated brightness temperatures of the icy satellites are obtained using the same fitting method as when searching for the pointing and time offsets (Section 4.2.4): by fitting the latitude-dependent temperature model T LM . There are only two differences: when applying the fit to find disk-integrated temperatures, i) we use all data over the disk, up to one FWHM away from the limbs, and ii) the offsets are now fixed to the values found with the method described above (Section 4.2.4). The disk-integrated temperature T disk B is then the average of the best-fit brightness temperature model map T LM map (Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]:

T disk B =
1

Ω disk T LM dΩ (4.9)
where Ω disk is the disk solid angle.

Including a latitudinal variation in temperature generally yields much better fits for partially resolved observations (i.e., observations where the angular size of the satellite is at least as large as the beam size). For unresolved observations, the latitudinal variation derived by the fit is null, which makes the model equivalent to a disk of uniform temperature. The resulting disk-integrated temperatures are shown in Fig. 4.5, with the observations centered on the leading and trailing hemispheres indicated with different symbols (sub-spacecraft point latitude <50 • ; longitude of ±90 • E ±50). The error estimate is the quadratic sum of a 1% calibration uncertainty (Section 4.2.5) and of the reduced χ 2 value, calculated from the best fit residual R as Satellite-to-satellite variations in brightness temperatures follow the opposite pattern as those in radar albedo (Section 3.2.2 and Fig. 3.6), with Enceladus and Tethys being the coldest icy satellites, and Iapetus and Phoebe the warmest. The trend of increasing temperatures with distance to Enceladus is thus consistent with the generally expected anti-correlation between emissivity and radar albedo (from Kirchhoff's law; see Section 2.4.2). Low emissivities are expected for surfaces enriched in high-purity water ice, where subsurface scattering reduces the outgoing radiation.

χ 2 = N R 2 /N

Results

Meanwhile, intra-satellite variations such as hemispherical dichotomies are difficult to examine simply from disk-integrated brightness temperatures, except for Iapetus. The trailing (optically bright) hemisphere of Iapetus is always colder than its leading hemisphere, regardless of the local time, consistent with higher leading hemisphere emissivities and/or temperatures. However, large variations in brightness temperature (of 5 to 20 K) are observed for each satellite (except Tethys, where little data was obtained). This is likely caused not by emissivity variations but rather by changes in temperature due to varying local times, seasons, latitudes, thermal properties, and albedos. A thermal model, which simulates the surface and near-subsurface temperatures, is therefore required to go further in the analysis of the derived disk-integrated brightness temperatures.

Towards a resolved analysis: deconvolution

Deconvolution method

The goal of deconvolution is to map the brightness temperature distribution on the target at the resolution of the projected main beam size (given in Table 4.1). Once the FSL contribution and the baseline level are removed, the calibrated antenna temperatures correspond to the antenna beam pattern (up to 2 • ) convolved with the brightness temperature map of the target, following Eq. 4.5.

We follow the iterative deconvolution approach applied by Zhang et al. (2017a) on the Cassini radiometry data acquired on Saturn's C ring, adapted for icy satellite observations (i.e., with a different shape than the rings). We initially assume that the icy satellite is a disk of uniform temperature of 50 K (the initial value has no impact on the final result), to build a uniform surface brightness temperature distribution T B,map as seen from the instrument. We then convolve the antenna beam pattern with this map using Eq. 4.5 in order to compute a simulated antenna temperature T A,sim . The residual ∆T = T A -T A,sim is mapped by computing an average, weighted by the beam pattern, of all residuals. The residual map is then added to the initial temperature map T B,map . We reiterate until the standard deviation of the residual is smaller than the mean theoretical noise level (Eq. 4.8). The resolution of the map thus obtained is equal to the antenna main beam size, whose half-power width is 0.373 • (Section 3.1.1). Any details below this resolution are artifacts of the deconvolution, originating from spatially overlapping data with different temperatures.

For scans with partial coverage or variable resolutions, the parts of the disk that are poorly observed are interpolated. During subsequent iterations, the algorithm attempts to correct for uncertainties by adjusting the remainder of the data, and the uncertainty thus propagates to the observations near the gap in coverage. Consequently, only full-disk scans with fairly homogeneous sampling are appropriate for the deconvolution method.

Deconvolution results

The results of the iterative deconvolution method are shown in Fig. 4.6 for all icy satellite observations with a beam size ≤ 1.1 satellite diameter. Most of these observations were acquired on the night side, although Enceladus and Iapetus were also observed during the local day. The brightness temperature ranges are consistent with the disk-integrated analysis of these and unresolved data (Fig. 4.5), but display regional variations. Temperature changes with latitude are clearly visible on all satellites except Mimas and Tethys, which were poorly resolved. In scans of Rhea and Dione that do not include the poles, we notice a significant limb darkening, caused by emissivity variations with emission angle, averaged over the beam size. The direction of polarization is indicated in Fig. 4.6; however, there generally seems to be little variation in the distribution of T B with polarization direction, indicating most likely depolarized surfaces.

Enceladus

During the Enceladus EN156 flyby (also called E16, as it was the 16th flyby of Enceladus), a total of 10 scans with a resolution high enough for deconvolution were acquired. The first (inbound) half of these observations were obtained on the anti-Saturn side, with either Saturn or its rings in the background, such that their contribution to the signal has to be removed. This calibration has been applied by [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF], however the remaining baseline variations after Saturn decontamination are still too large to allow for quantitative analysis. The deconvolution of these data is therefore not shown herein.

Meanwhile, the outbound part of the EN156 flyby is not contaminated by Saturn. All four deconvolved EN156 scans have inhomogeneous coverage, with the poles and limbs being less observed than the center of the disk. This is the most likely explanation for the apparent inconsistency between the results in these fours scans, although the varying polarization, resolutions, and local times may also contribute. EN156_8r has both the best coverage and resolution, so it yields the most reliable image; the sub-solar point exhibits a locally high temperatures. While the southern latitudes seem to exhibit locally high temperatures in this dataset, the partial coverage (especially at high latitudes) and possible thermal inertia and seasonal effects do not permit an interpretation regarding the eventuality of endogenic flux. An excess in the emitted heat flux has, however, been detected by Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF] in the high-resolution scan over the southern region, during the same flyby.

Analysis of the outbound EN156 radiometry by [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF] has exposed a largescale emissivity anomaly on the leading hemisphere, with an emissivity decrease of approximately 30%. This anomaly is not associated with any albedo change, and its shape best matches a geologically young region featuring tectonic faults and a scarcity of craters, termed the Leading Hemisphere Terrain (LHT) and mapped by [START_REF] Corlies | Structural mapping of Enceladus and implications for formation of tectonized regions[END_REF]. This region is outlined on the deconvolved EN156 radiometry in Fig. 4.6, and matches well with a locally low brightness temperature near 20 K, the lowest value found in all of Saturn's icy satellites. [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF] attribute this low emissivity to increased subsurface scattering in the younger, fractured, and less processed regolith of the LHT.

Dione

The two DI163 Dione resolved radiometry observations, taken concurrently with scatterometry (Fig. 3.12), also have inhomogeneous coverage: the high latitudes (>∼ 45 • ) especially are partially covered in DI163_1r and not at all in DI163_2u. While the differences between these two successive scans seem to point to a polarization effect (higher T B aligned with the direction of parallel polarization, where the Brewster highlights are expected to lie), they may also be caused by the lack of polar data in DI163_2u.

Nonetheless, these observations exhibit longitudinal variations in antenna temperatures, with the leading hemisphere (left half) appearing colder than the trailing hemisphere (right half). The local time is in the late afternoon for the colder leading side, and in the night for the warmer trailing side: the opposite observation (warmer afternoon temperatures) would be expected for a uniform surface and subsurface. The data are therefore consistent with a leading/trailing dichotomy, which may be caused by differences in a variety of parameters, including bolometric Bond albedo, thermal inertia, and emissivity. The optical and infrared observations of Dione clearly show a lower albedo on the trailing hemisphere (e.g., [START_REF] Blackburn | Exploring the Impact of Thermal Segregation on Dione Through a Bolometric Bond Albedo Map[END_REF]. In order to know if an albedo dichotomy is sufficient or if it is associated with an emissivity or thermal inertia anomaly, a thermal model is necessary. However, the presence of a radar backscatter dichotomy in the concurrent scatterometry (Section 3.3) strongly suggests at least increased scattering in the subsurface of the leading side, and therefore a locally lower emissivity.

Rhea

On Rhea, there is a locally cold area spatially correlated with the ejecta blanket of the young impact crater Inktomi (best visible in the higher-resolution data RH127 and RH177). Using CIRS observations which probe at most a few millimeters into the subsurface, [START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF] found that the Inktomi Ejecta Blanket Region (IEBR) has a thermal inertia higher than its surroundings (∼ 20 MKS near Inktomi versus ∼ 10 MKS elsewhere). However, at 2.2 cm with the Cassini radiometer, this area stands out (especially in the resolved data) as a cold spot during the night; the exact opposite behavior would be expected for a high thermal inertia region with equal albedo and emissivity properties. This suggests that the Inktomi ejecta blanket is associated with a locally low emissivity and/or high Bond albedo, that overwhelms the thermal inertia effect. The high radar backscatter of the IEBR discussed in Section 3.3.3 and shown in Fig. 3.11 consistently points to efficient subsurface scattering, which increases the radar backscatter and decreases the emissivity.

Iapetus

The leading/trailing dichotomy of Iapetus (see Sections 1.4.2 and 3.3.3) is clearly apparent in the radiometry observations, as reported by [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. The leading hemisphere (centered at -90 • E) is the radiometrically warmest region of this satellite, followed by the trailing hemisphere (centered at +90 • E) consistent with the distribution of optically dark material at the surface [START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF]. This remains true even during the IA049_4_2u daytime observation, in support of the high thermal inertia found from the resolved radiometry scan (IA049_3_1r) on Iapetus by [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. The poles are the coldest area, because i) they receive less incident flux than the lower latitudes, ii) they feature less optically dark material than equatorial regions, and ii) thermal segregation brings bright water ice from the equatorial region to the poles, where it condenses [START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF].

Conclusion

Preliminary analysis of the fully calibrated and deconvolved Cassini radiometry observations of Saturn's icy satellites led to identification of both inter-and intra-satellite variations consistent with the results from active radar data (Chapter 3). The brightness temperature is found to increase with distance from Enceladus and show, like visible and radar observations, leading/trailing dichotomies on Iapetus and possibly on Dione. A locally low thermal emission is recorded on Enceladus's Leading Hemisphere Terrain (LHT) (consistent with the results of [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF] and in the Rhea Inktomi Ejecta Blanket Region (IEBR). However, these anomalies cannot be fully characterized without the use of a thermal model. Comparison with such a model can also exploit the observations at different seasons, latitudes, and local times in order to derive the thermo-physical properties of the subsurface.

Chapter 5

Simulation of microwave radiometry observations

In order to extract new constraints on the chemical and thermophysical properties of icy satellites surfaces, we compare radiometry observations to a model simulating the microwave thermal emission from an icy surface. This chapter describes the different steps of the model, their parameters, and their outputs. For the work presented herein, the model was applied to Saturn's three largest airless icy satellites (Dione, Rhea, and Iapetus), as well as on Enceladus.

The model closely follows the one presented in Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], which we summarize here while detailing some modifications. As in Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], our modeling approach is divided into three steps: a thermal model providing the vertical temperature profile within the subsurface T (z), a radiative transfer model calculating the effective temperature T eff , and an emissivity model. As detailed in Section 5.2, the effective temperature is the solution of the radiative transfer equation in the assumed purely absorptive subsurface and would represent the brightness temperature of the surface in the absence of any emissivity effects. In the microwave domain, the Rayleigh-Jeans approximation applies and the surface brightness temperature T B is simply the product of the emissivity e and the effective temperature T eff . Convolution of T B with the beam pattern yields the simulated antenna temperature T A , which can be directly compared to the Cassini radiometer observations.

Thermal model

The thermal model used here to calculate a temperature profile with depth was originally designed by [START_REF] Ferrari | Thermal emission of spherical spinning ring particles -The standard model[END_REF] and [START_REF] Leyrat | Thermal properties of Saturn's rings : from CAMIRAS to the CASSINI mission[END_REF] to examine Saturn's rings. It has since been applied to the asteroids Steins [START_REF] Leyrat | Thermal properties of the asteroid (2867) Steins as observed by VIRTIS/Rosetta[END_REF] and Vesta [START_REF] Leyrat | Thermal properties of (4) Vesta derived from Herschel measurements[END_REF]), Saturn's satellites Iapetus (Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] and Enceladus (Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF], comet 67P Churyumov-Gerasimenko [START_REF] Leyrat | The distribution of ammonia on Jupiter from a preliminary inversion of Juno microwave radiometer data[END_REF], and Pluto [START_REF] Leyrat | Probing Pluto's underworld: Ice temperatures from microwave radiometry decoupled from surface conditions[END_REF].

Incident flux

The physical temperature profile results from the energy balance between the incident solar flux, energy re-radiated into space, and heat conduction in the subsurface. Rhea and Iapetus both have heavily cratered surfaces with no signs of recent resurfacing or tectonic activity (see Chapter 1). On Dione, no hot spots have been found from Cassini/CIRS observations, which have better resolutions coverage than Cassini radiometry (Howett et al., 2018). We can therefore safely assume the absence of endogenic flux on all three satellites. The incident solar flux is computed using SPICE/NAIF libraries [START_REF] Acton | Planetary data system ancillary data services of NASA's Navigation and Ancillary Information Facility[END_REF] for each time step over a full orbit of Saturn (29.36 Earth years), while accounting for solar eclipses by Saturn. An example of this incident flux during an eclipse is shown in Fig. 5.2.

The global patterns of the incident flux already give an indication on how the surface and subsurface temperature should vary. At a sufficient depth (larger than the seasonal thermal skin depth), the temperature should depend only on the yearly averaged flux, and be constant with time. We therefore examine the incident solar flux, averaged over a year, as shown for latitudes of 50 • N and 50 • S in Fig. 5.2. The causes of latitudinal, longitudinal, and inter-satellite variation in the yearly averaged incident flux are the following:

• Eclipses: Near the equinoxes, the inner satellites (which lie near Saturn's equatorial plane) pass through Saturn's shadow. These eclipses, apparent in Fig. 5.2d, decrease the yearly flux on the sub-Saturn side, which would otherwise be illuminated at these times. Satellites closer to Saturn are eclipsed for a larger fraction of their orbit than satellites further away from the planet, explaining the lower fluxes at the sub-Saturn point (0 • E longitude) on Dione than on Rhea, as seen in Fig. 5.2a and b. Iapetus is much more distant from Saturn and its orbit is inclined (by 7.5 • ) relative to the Laplace plane: it is therefore eclipsed only on four brief occasions, which barely affect the flux on the sub-Saturn side.

• Solar distance: A more significant effect on Iapetus is the difference in solar distance. Because the mid-sized icy satellites of Saturn are tidally locked, the anti-Saturn side is always illuminated when the satellite is closest to the Sun, whereas the opposite is true for the sub-Saturn side, as illustrated in Fig. 5.1. This effect is more important for Iapetus, which has a large orbital radius around Saturn, than for the inner satellites such as Rhea and Dione.

• Eccentricity of Saturn's orbit: Fig. 5.1 also illustrates the effect of the ellipticity of Saturn's orbit. With an eccentricity of 0.0565, Saturn's aphelion (10.04 astronomical unit (AU)) is over 1 AU larger than its perihelion (9.03 AU), leading to asymmetrical seasons (e.g. [START_REF] Aharonson | An asymmetric distribution of lakes on Titan as a possible consequence of orbital forcing[END_REF][START_REF] Lorenz | Seasonal Change on Titan[END_REF]). Saturn's northern winter solstice almost coincides with perihelion, leading to shorter and colder winters in the northern hemisphere of each satellite than in the southern hemisphere. Averaged over a Saturn year, this asymmetry leads to slightly higher average northern fluxes, as seen for instance in Fig. 5.2a-c. However, the insolation peak is reached in the southern hemisphere, causing the distribution of lakes on Titan (Aharonson et al., 2009, e.g., ).

• Satellite triaxial shape: Saturn's inner mid-sized icy satellites have an ellipsoidal triaxial shape, elongated by tides in the sub-and anti-Saturn directions. These satellites shapes, summarized in Table 5.1, lead to higher incidence angles on the mid-latitudes of the sub-and anti-Saturn sides than on those of the leading and trailing hemispheres. The incident flux is proportional to the cosine of the incidence angle. Thus the ellipsoidal satellite shape causes the peak in incident flux at 90 • E and -90 • E on Dione and Rhea (Fig. 5.2a and b). Iapetus, being much further from Saturn, is less influenced by tides and is not elongated in the sub-Saturn direction.

The effect of solar distance therefore dominates over the satellite shape, and the leading and trailing sides receive less sunlight than the anti-Saturn side (Fig. 5.2c).

• Satellite inclination: The orbits of Dione and Rhea lie within the equatorial plane of Saturn, and therefore endure the same seasonal changes. Meanwhile, Iapetus is inclined by 15.5 • relative to Saturn's equator (itself at a 29 • axial tilt angle from the ecliptic). Consequently, Iapetus has a lower inclination relative to the Sun than the inner icy satellites, causing less intense seasons on Iapetus. Averaged over a year, the incident flux on Iapetus high latitudes (e.g., 50 • , see Fig. 5.2c) is lower than on the inner moons.

• Thermal infrared emission from Saturn: At an effective temperature of 95 K, Saturn constantly heats the sub-Saturn side of synchronous satellites. The amplitude of the infrared flux from Saturn depends primarily on the angular size of Saturn as seen from the satellite (and thus on the Saturn-satellite distance), which is 17.1 • from Dione, 12.4 • from Rhea, and 1.87 • from Iapetus. For large angular sizes of Saturn, the anti-Saturn side is also affected by Saturn's emission, especially at high latitudes. The thermal IR flux from Saturn is constant, both in coverage and in time; it does not depend on day/night cycles.

• Saturnshine: The portion of Saturn's disk that is illuminated by the Sun reflects part of the incident solar flux toward the icy satellites. Like the thermal Saturn flux, Saturnshine affects primarily the sub-Saturn side, and is more significant for satellites with small orbital radii. The amplitude of Saturnshine, however, also varies with local time: it is null at noon (sub-Saturn side facing the night side of Saturn) and maximal during the satellite's local night (sub-Saturn side facing the day side of Saturn). Iapetus is far enough from Saturn that only direct solar illumination is significant. On Rhea and Dione, most past analyses of CIRS data using a thermal model have neglected both Saturnshine and thermal infrared emission from Saturn [START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF][START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF] 3), the thermal and visible fluxes from Saturn contribute respectively a yearly average of 2.0% and 0.8% of the total flux absorbed by Rhea's surface. We therefore considered that only direct solar illumination was significant, and chose not to account for Saturn reflected and thermal radiation. This would later prove to be a mistaken assumption, especially for Dione, where the thermal and visible Saturn fluxes contribute respectively 6.4% and 1.7% of the total absorbed flux. The importance of Saturn's contribution is further discussed in Chapter 6.

If Saturn's contribution is neglected, the absorbed flux F absorbed is related to the bolometric Bond albedo A B and the incident solar flux F ⊙ by:

F absorbed = (1 -A B )F ⊙ cos i(t) (5.1)
where i(t) is the time-varying incidence angle of the solar flux. The values used for the bolometric Bond albedo are discussed in Section 5.1.3.

Derivation of the temperature profile below the surface Heat equation

The temperature profile is derived at a given latitude/longitude point by solving the 1-dimensional time-dependent heat equation:

ρC ∂T (z, t) ∂t = ∂ ∂z K E ∂T (z, t) ∂z (5.2)
where z is the depth under the surface, ρ is the effective density of the medium (in kg/m 3 ), K E is the effective thermal conductivity (in Wm -1 K), and C is the bulk heat capacity (in Jkg -1 K -1 ). The thermal model that we used considers uniform thermal properties with depth, thus permitting the following simplification of the heat equation:

ρC K E ∂T (z, t) ∂t = ∂ 2 T (z, t) ∂z 2 (5.3)

Boundary conditions

The surface boundary condition imposes radiative equilibrium, where the outgoing flux is given by the Stefan-Boltzman law and the incident flux from the Sun varies along the satellite's orbit as detailed above:

-K S ∂T ∂z z=0 = F emitted (t) -F absorbed (t) = e IR σT 4 s (t) -(1 -A B )F incident (t) (5.4)
where σ = 5.67 × 10 -8 Wm -2 K -4 is the Stefan constant, and e IR is the infrared emissivity, which was fixed at unity, as found by [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF].

The boundary condition at the bottom of the computational layer assumes no internal source of heating and therefore a zero temperature gradient at depth. The lower boundary is taken at a depth of six seasonal thermal skin depths (δ season th , see Eq. 5.11) and below: ∂T ∂z z=6δ season th = 0

(5.5)

Dimensionless form

The heat equation can be expressed in dimensionless form using the following parametrization, following [START_REF] Spencer | Systematic biases in radiometric diameter determinations[END_REF]:

T ′ = T/T S S t ′ = ωt z ′ = z/δ day th F ′ ⊙ (t ′ ) = F ⊙ (t ′ )/F ⊙,S S (5.6)
where ω is the rotation rate of the satellite, δ day th is the diurnal thermal skin depth defined in Section 5.1.3, F ⊙,S S is the sub-solar insolation, and T S S is the sub-solar equilibrium temperature, defined as follows:

e b σT 4 S S = (1 -A B )F ⊙ /R 2 (5.7)
.

with F ⊙ the solar constant at 1 AU, R the heliocentric distance in AU, and e b the bolometric emissivity.

The heat equation and its top boundary conditions then become dimensionless [START_REF] Spencer | Systematic biases in radiometric diameter determinations[END_REF]:

2 ∂T ′ (z ′ , t ′ ) ∂t ′ = ∂ 2 T ′ (z ′ , t ′ ) ∂z ′2 √ 2Θ ∂T ′ (z ′ , t ′ ) ∂z ′ z ′ =0 = T ′4 (0, t ′ ) -F ′ ⊙,S S (t ′ ) (5.8)
where the thermal parameter Θ is defined as follows:

Θ = I √ ω e b σT 3 S S
(5.9)

Note that the factors of 2 and √ 2, not present in [START_REF] Spencer | Systematic biases in radiometric diameter determinations[END_REF], account for our slightly different definition of the thermal skin depth (by a factor √ 2). The temperature profile therefore depends on only two parameters: the bolometric Bond albedo A B and the thermal inertia

I = √ K E ρC.
Step sizes

The 1-dimensional heat equation is solved numerically by discretizing time and space (with respective steps ∆t and ∆z) and using the Crank-Nicolson method, a semi-implicit algorithm which is unconditionally stable.

Lateral heat conduction (i.e., parallel to the surface) is neglected, and we only take into account heat conduction through depth. This assumption is valid as long as the step in the horizontal direction (10 • in latitude and longitude, equivalent to tens to hundreds of kilometers) is much larger than the seasonal thermal skin depth (at most ∼ 100 m, for a thermal inertia of 2000 MKS).

The discretized spatial step in depth ∆z must be small enough to sense periodic variations of the temperature near the surface, i.e. where the thermal gradients are the largest. We choose ∆z = δ day th /5.

Meanwhile, the temporal step ∆t must be small enough to track abrupt incident flux variations, especially around the eclipse events. The time step was therefore chosen such that there are 100 points over a diurnal cycle. Given their orbital periods (Table 1.1), this is equivalent to times steps of 0.66, 1.08, and 19 hours for Dione, Rhea, and Iapetus respectively. One full thermal cycle contains must include an orbit of Saturn (29.5 years) and thus tens to hundreds of thousands of points.

The thermal model was run for every 10 • in latitude and longitude, providing a resolution similar to the resolved observations of each satellite.

The thermal model begins with all layers at the equilibrium temperature, then iteratively recalculates the temperature profile for a full Saturn year (29.5 years), for at least 4 iterations. Convergence is reached when the Pearson correlation coefficient between input and output temperature profiles is over 0.999, which generally occurs after 6 iterations. For a single thermal inertia value, in a 10 • ×10 • latitude and longitude block, the computation time is of about six to seven minutes. Thus, the thermal model requires about three weeks to run for the whole surface of a satellite and for seven thermal inertia values.

Model limitations

The thermal model of [START_REF] Ferrari | Thermal emission of spherical spinning ring particles -The standard model[END_REF] and [START_REF] Leyrat | Thermal properties of Saturn's rings : from CAMIRAS to the CASSINI mission[END_REF] considers heat transfer only by conduction. This assumption is reasonable for the depths probed by the Cassini radiometer (at least meters into an icy surface). A thin isolating layer may exist near the surface, with high porosity and poor grain contact quality leading to important heat transfer by radiation. Given that the radiative component of the thermal conductivity is proportional to the temperature cubed (K R ∝ T 3 ), such an isolating layer may amplify the observed short-term temperature changes. However, it would retain little effect on the temperature profile at depths much larger than the daily thermal skin depth.

More importantly, however, the model used here assumes that the thermal inertia is constant with depth. In fact, it is expected to increase with depth as the medium becomes more compact, as has been confirmed by the comparison of Cassini radiometry and CIRS observations on Iapetus [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. Modeling an increase in thermal inertia with depths, as did [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF] for Rhea, requires the introduction of additional parameters (e.g., the amplitude of these variations and the depth at which they occur), which the data are insufficient to constrain. Instead, we opted for a simple, single-layer, uniform model, which can be fitted to the dataset to derive a depth-averaged value of the thermal inertia. This model has the additional advantage of being the same used on Iapetus and Enceladus by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF][START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF], providing consistency to the treatment of the Cassini radiometry dataset.

Model parameters Bolometric Bond albedo A B

The bolometric Bond albedo A B governs the amount of incident radiation absorbed by the surface (Eq. 5.1).

For Iapetus, a global bolometric Bond albedo map has been derived by [START_REF] Blackburn | A bolometric Bond albedo map of Iapetus: Observations from Cassini VIMS and ISS and Voyager ISS[END_REF] from Cassini VIMS, Cassini ISS, and Voyager ISS observations. As in Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], this map was used as an input for the thermal model, and is shown in Fig. 5.3.

For Dione, only a partial bolometric Bond albedo map exists, derived from a combination of Cassini VIMS and ISS measurements [START_REF] Blackburn | Exploring the Impact of Thermal Segregation on Dione Through a Bolometric Bond Albedo Map[END_REF]. The partial map mainly covers equatorial regions, below 45 • latitude. Missing data were filled with the average leading and trailing hemisphere values for each latitude. When no data was available (i.e., at the poles), the average leading hemisphere albedo was used, since the higher latitudes are not expected to be affected by the trailing hemisphere dark material (see Chapter 1). For each 10 × 10 • square in latitude and longitude, the bolometric Bond albedo is averaged and the thermal model is applied to calculate the temperature profile.

For Rhea, there is unfortunately no bolometric Bond albedo map yet. The bolometric Bond albedo is not straightforward to compute from ISS and VIMS data at different wavelengths and phase angles, and such a derivation is beyond the scope of the present thesis. Spatial variations of the visible albedo, although present on optical images [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Schenk | Saturn's Other Icy Moons: Geologically Complex Worlds in Their Own Right[END_REF], thus cannot be explicitly taken into account. More specifically, the brightness of the Inktomi Ejecta Blanket Region (IEBR) varies considerably with wavelength [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF], and even its appearance in 3color composite maps changes with the color ratios chosen. Indeed, the IEBR is much brighter than its surroundings in the map of [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF], but is indistinguishable in the updated map of Schenk et al. (2018) (PIA18438;Fig. 1.6). From CIRS thermal infrared data, [START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF] do not find a clear albedo change near Inktomi either.

We therefore tested four different values of albedo (constant over the disk), inspired from literature (Table 5.2): 0.42, 0.55, 0.63, and 0.72. This last value was derived from Cassini CIRS data over Rhea's poles [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF].

Thermal inertia I

The thermal inertia I of a material describes its capacity to resist temperature changes. A material with low thermal inertia quickly reaches thermal equilibrium after a perturbation, whereas for a high thermal inertia material it can take much longer. The bulk thermal inertia of crystalline water ice is of the order of 2000 Jm -2 K -1 s -1/2 (units referred to as MKS herein) and varies little with temperature [START_REF] Ferrari | Low thermal inertias of icy planetary surfaces -Evidence for amorphous ice?[END_REF]; however, thermal inertia decreases along with thermal conductivity for porous media:

I = K E ρC
(5.10)

The thermal inertia that enters the model does not in general represent the thermal inertia of the surface/subsurface bulk material. As we will find, best fit thermal inertia are much smaller than expected values for compact ices, which we interpret as due primarily to a large porosity of the medium. The inferred values are therefore "effective" thermal inertias. We note that, other than porosity, several structural characteristics of an icy surface can also decrease the thermal inertia, such as small grain sizes, loose contacts between particles, the presence of amorphous (rather than crystalline) ice, and low temperatures [START_REF] Gundlach | A new method to determine the grain size of planetary regolith[END_REF][START_REF] Ferrari | Low thermal inertias of icy planetary surfaces -Evidence for amorphous ice?[END_REF]. These different parameters are difficult to separate given their often similar effects to structural and compositional properties.

Thermal inertia has been derived for Saturn's icy satellites from thermal infrared observations, using primarily Cassini CIRS data; the resulting values are summarized in Table 5.2. The thermal inertia of Saturn's icy moons is generally around 10-20 MKS and always below 100 MKS in the thermal infrared (e.g., [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF][START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF][START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF]). However, at cm wavelengths (which probe deeper into the subsurface), Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] found higher values, In order to derive the thermal inertia, the thermal model was run for seven values of I from 10 to 1000 MKS (10, 20, 50, 100, 250, 500, and 1000 MKS), and results were interpolated for intermediate thermal inertia values.

Thermal skin depth δ th

The thermal skin depth δ th is defined as the depth at which the amplitude of temperature variations (due to diurnal or seasonal variations of the incident flux) has decreased by a factor of 1/e = 37%. It is related to the thermal inertia I as follows:

δ th = 2K E ρCω = I ρC P π = I (1 -p)ρ 0 C P π
(5.11)

where P = 2π/ω is the thermal wave period (a satellite day for δ day th or year for δ season th ), p is the porosity, ρ 0 is the bulk density (918 kg/m 3 for crystalline water ice), and C = 7.49 × T 0 + 90 Jkg -1 K -1 is the bulk heat capacity calculated for a temperature of T 0 = 75 K using the formulas for crystalline water ice proposed in [START_REF] Klinger | Some consequences of a phase transition of water ice on the heat balance of comet nuclei[END_REF]. From the adimensional form of the heat equation (Eq. 5.8), the values assumed for C and p do not influence the derived value of the thermal inertia; however, they do affect the derived thermal skin depths (Eq. 5.11). A low thermal inertia surface quickly changes temperature, and the thermal wave penetrates very little. Conversely, for a high thermal inertia surface, the thermal skin depth is high. Because of the orbital periods of each satellite, assuming similar thermal inertia and porosity at diurnal and seasonal thermal skin depths, δ season th = 62.6δ day th on Dione, δ season th = 48.7δ day th on Rhea, and δ season th = 11.7δ day th on Iapetus.

Model outputs

The output of the thermal model is the vertical temperature profile T (z) for different assumed thermal inertias and albedos, over the whole surface. The model assumes homogeneous properties with depth: the parameters should therefore be regarded as an average over the sensed depth (that is, the electrical skin depth δ el at the instrument wavelength, see Section 5.2). In particular, the thermal inertia is expected to increase with depth as the medium becomes more compact.

The amplitude and phase of the temperature variations with depth both depend strongly on the thermal inertia, as illustrated in the modeled temperature profiles shown in Fig. 5.4. Fig. 5.5 illustrates the variations of the modeled temperature distribution with depth, for Rhea and Dione. At the surface, local time dominates, with the sub-solar region being the warmest region on each satellite. The northern vernal equinox was in August 2009 (see Fig. 5.1); temperatures are mapped in March 2010 for Rhea (RH127 observation) and March 2012 for Dione (DI163 observation). Because the Dione map is shown later in the spring (closer to the northern solstice) than the Rhea map, it exhibits warmer northern temperatures than Rhea at the surface and the diurnal skin depth. At the seasonal skin depth, however, the buried cold northern temperatures of the previous winter appear. On Dione, the bolometric Bond albedo map plays an important role in the temperature distribution, especially under the diurnal skin depth.

Once thermal equilibrium is reached (e.g., at 6 times the seasonal thermal skin depth in Fig. 5.5), the effects of the yearly averaged fluxes described in Section 5.1.1 are apparent. The South pole, where winter is longer but less intense due to Saturn's eccentricity, is then about 3 K colder than m to highlight the seasonal thermal wave. At 0 • E longitude, the local time is just before noon, hence the high surface temperature. The diurnal thermal skin depth is marked with a circle and the seasonal skin depth with a cross for each thermal inertia. When the thermal inertia increases, the diurnal dip in temperature is located at a greater depth and is wider but also less strong.

the North pole for both Dione and Rhea for a thermal inertia of 10 MKS. On Rhea, eclipses lead to a 0.2-K-dip in temperature at the sub-Saturn point relative to the anti-Saturn point (at the time of this observation, i.e., less than one Earth year after the equinox and while eclipses still occur). The satellites' elongation in the Saturn-facing direction causes a 0.15-K-peak in the leading and trailing hemispheres relative to the anti-Saturn side (unaffected by eclipses). 

Radiative transfer model

Model hypotheses

The theory of microwave transfer through the subsurface is summarized in Section 2.4.2. In order to simulate the effective temperature T eff sensed by the Cassini radiometer, we do not explicitly include scattering in the radiative transfer equation, even though both the radar properties of Saturn's icy moons (Chapter 3) and pre-existing analyses of the Cassini radiometry (Chapter 4 and Le [START_REF] Gall | Radar-bright channels on Titan[END_REF][START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] have demonstrated that multiple scattering in the subsurface is actually very significant on icy satellites.

To limit both the complexity of the model and the number of parameters we have made the choice of a scatter-free single-layer radiative transfer model, like Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] (see also [START_REF] Keihm | Reconciling main belt asteroid spectral flux density measurements with a self-consistent thermophysical model[END_REF] for asteroids). As we will see, such models require the introduction of surface emissivities to fit the observed brightness temperatures. In the next step of the model, we interpret these lower than 1 surface emissivities in terms of the scattering properties of the subsurface. The degree of scattering and its regional variations are thus estimated afterward from the derived emissivity. The backscatter measured during the resolved scatterometry (Section 5.3) also provides an independent insight into the degree of scattering in the subsurface.

Calculating the effective temperature T e f f

The radiative transfer model used herein therefore applies the following form of Eq. 2.37, valid for a scatter-free medium (repeated here for convenience):

T eff (I, δ el ) = 1 δ el cos θ ′ ∞ 0
T (z, I)e -z/(δ el cos θ ′ ) dz (5.12)

where δ el is the electrical skin depth sensed by the radiometer (Eq. 2.13) and T (z, I) is the temperature profile for a thermal inertia I computed from the thermal model. The effective temperature sensed by the Cassini radiometer is thus a weighted function of the physical temperature profile, along the line of sight within the subsurface. The angle of transmission θ ′ in the subsurface is defined as follows:

cos θ ′ = 1 - sin 2 θ ε ′ r (5.13)
where θ is the angle of emission at which the Cassini radiometer observes the surface locally, and ε ′ r is the effective relative dielectric constant of the subsurface. Its value in the radiative transfer model is fixed at ε ′ r = 1.15 (the value that will be determined from the emissivity model; see Chapter 6). The dielectric constant has a small influence on the effective temperature, and only near the limbs. Changing this value from ε ′ r = 1.15 to ε ′ r = 2 in Eqs 5.12 and 5.13 affects the results discussed in Chapter 6 to a negligible degree. The dielectric constant plays a much more important role in the emissivity, as detailed in Section 5.3.

Using the same substitution as in Eq. 5.8 and defining the skin depth ratio r = δ el /δ day th , Eq. 5.12 becomes:

T eff (I, r) = 1 r cos θ ′ ∞ 0 T (z ′ , I)e -z ′ /(r cos θ ′ ) dz ′ (5.14)
The derived effective temperature is therefore a function of only two parameters: the thermal inertia I and the skin depth ratio r.

Model parameters Thermal inertia I

The radiative transfer model uses the temperature profile T (z, I) output by the thermal model as an input. It therefore inherits the thermal inertia I as a parameter (Section 5.1.3). The effective temperature is calculated for the same values of I as the temperature profile (7 values from 10 MKS to 1000 MKS).

Skin depth ratio r

As detailed above, the signal sensed by the radiometer is in fact a function of the ratio between the electrical skin depth and the thermal skin depth, and we therefore consider the parameter r = δ el /δ day th . A low ratio r ≤ 1 indicates that the radiometer only probes the diurnal variations in temperature of the subsurface, whereas a high ratio r ≫ 1 implies that the radiometer also captures seasonal variations in temperature. In other words, a high ratio r is indicative of a medium very transparent to microwaves, likely porous and with very little contamination by non-ice impurities, whereas a low value of r points to the presence of absorbing materials.

The effective temperature was calculated for 66 values of r ranging from r = 0.01 (very shallow) to r = 1000 (over ten times the seasonal thermal skin depth, for all icy satellites considered). The highest value of the ratio corresponds to electrical skin depths of at least (for null porosity and I = 10 MKS) 200 times the wavelength.

Numerical application

The temperature profile T (z, I) output by the thermal model is interpolated in time to provide a point every 5 UT minutes. It is then projected to the spacecraft view coordinates defined in Section 3.1.3, with a sampling of 200 points over the satellite diameter. The integral in Eq. 5.12 is integrated numerically for each point in this grid, yielding the effective temperature maps shown in Fig. 5.6.

For low ratios (r < 1), the temperatures near the surface are given more weight than for large ratios. Thus, the sampling in depth of only ∆z = δ day th /5 (Section 5.1.2) is insufficient for accurate numerical integration with r < 1. In these cases, the sampling in depth is interpolated on a 100 times finer grid, down to 20 diurnal skin depths δ day th , thus allowing for numerical integration.

Model outputs

Examples of effective temperature maps output by the radiative transfer model are displayed in Fig. 5.6 for Rhea and Dione, during the RH127 and DI163 observations (the same as in Fig. 5.5). This figure shows that, at low skin depth ratios and thermal inertias, the effective temperature is controlled by local time effects, with the western (late afternoon) side of the disk being warmer. Meanwhile, at high skin depth ratios and thermal inertias, the temperature is controlled primarily by albedo and seasonal effects. By comparing these maps to the radiometry data (Figs. 4.5 and 4.6), it is obvious that the modeled effective temperatures are much higher (about 60 -80 K) for all (I,r) combinations than the observed brightness temperatures (about 45 -55 K), for both Rhea and Dione. The emissivity of the subsurface, which corresponds to the ratio between observed brightness temperature and modeled effective temperature, clearly has a large influence on the brightness temperatures, and an emissivity model is required. 

Emissivity model

Combined emissivity-backscatter model

We use the Combined Emissivity-Backscatter (CEB) model initially proposed by [START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF] for Titan and since then applied on Iapetus and Enceladus by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF][START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF]. This model relies on Kirchhoff's law of thermal radiation (emissivity=1-reflectivity; see Section 2.4.2) using the formulation proposed by [START_REF] Peake | Interaction of electromagnetic waves with some natural surfaces[END_REF], which relates emissivity to radar backscatter. The benefit of such a model is to exploit the normalized radar cross-section (NRCS) (defined in Section 2.3.2) σ 0 measured during the active scatterometry observations (see Section 3.3) to provide constraints on the emissivity level and regional variations.

The emissivity model has two components: a quasi-specular component, which accounts for polarization and limb-darkening, and a diffuse component, which takes into account multiple scattering in the subsurface as well as regional reflectivity/emissivity variations:

e(θ, φ) = 1 - R(ε ′ r , θ, φ) Quasi-specular component - 1 + µ L 2n f CBE σ 0 (θ, φ) cos n θ eff Diffuse component (5.15)
where (θ, φ) defines the angular coordinates, relative to the vector from the Cassini spacecraft to the sub-spacecraft point. The parameters of the model are defined hereafter.

Diffuse component

This model assumes that the NRCS σ 0 measured in the scatterometry data obeys a diffuse scattering law of the form σ 0 (θ eff ) = A cos n θ eff , as found in Chapter 3. The power coefficient n is derived as described in Section 3.3.2, by fitting the function σ 0 (θ eff ) = A cos n θ eff through the scatterometry data (separately for Dione's leading and trailing hemispheres, and for Rhea's Inktomi ejecta blanket), where θ eff is the effective incidence angle for each scatterometry observation. Dividing the NRCS by cos n θ eff removes the dependence on incidence angle.

The emissivity-backscatter model includes diffuse subsurface scattering with the factor f CBE , which enhances radar backscatter (and decreases the emissivity) according to the Coherent Backscattering Effect (CBE) [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF][START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF]. The CBE can boost the radar return in the backscattering direction by a factor of up to 2 for a low-loss medium hence: 1 ≤ f CBE ≤ 2.

The linear polarization ratio µ L (defined in Section 2.3.3) is assumed to be independent of viewing geometry, which is likely for an unpolarized surface. By definition 0 ≤ µ L ≤ 1. µ L is null for a smooth homogeneous surface while it equals 1 when the surface is very rough or when multiple/volume scattering occurs in the subsurface.

Quasi-specular component

Although the near subsurface of most of Saturn's icy satellites are primarily diffusely scattering media (e.g., [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF], the emissivity model also includes a quasi-specular component: 1 -R(ε ′ r , θ, φ) where R(ε ′ r , θ, φ) is the reflectivity of a smooth surface as given by the Fresnel equations (see Section 2.2.3). R(ε ′ r , θ, φ) depends on the incidence and polarization angles, with limb darkening and the position and amplitude of the Brewster highlights varying with the dielectric constant ε ′ r . ε ′ r can therefore be estimated using observations acquired over all incidences and azimuthal angles.

Using the Fresnel equations to model the quasi-specular component of the emissivity assumes a smooth surface. Important surface roughness, similarly to subsurface inhomogeneities, would tend to depolarize the signal and lead to lower derived dielectric constants (e.g., [START_REF] White | Lunar polarization studies at 3.1 mm wavelength[END_REF]. Therefore, the dielectric constants are effective ones, implicitly accounting for surface roughness.

Model parameters

Dielectric constant ε ′ r For very diffuse scattering surfaces such as those of the icy satellites, the effective dielectric constant is mostly a measure of the degree of depolarization of the incident waves by the regolith. It thus provides insight into the subsurface structure (porosity, heterogeneity) rather than composition (although a pure water ice regolith will favor scattering in the subsurface volume by allowing large penetration depth). This is why very low effective dielectric constants are possible for a depolarized water ice medium, even though the bulk dielectric constant of water ice is 3.13 at cm wavelengths (e.g., [START_REF] Mätzler | Microwave permittivity of dry snow[END_REF][START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF].

Scattering parameter f

The parameter f = (1 + µ L )/ f CBE is derived by finding the value which yields the best fit for each combination of thermal inertia I, skin depth ratio r, and effective dielectric constant ε ′ r . Small values of f indicate important scattering in the subsurface volume. Given the boundaries of µ L and f CBE , f should be bounded between 0.5 ( f CBE = 2 and µ L = 0) and 2 ( f CBE = 1 and µ L = 1). However, we always find f < 0.5, which implies that the CBE is not sufficient to explain the high recorded backscattering cross sections; this is further discussed in Chapter 6.

Application to Rhea, Dione, and Iapetus

Previous work applied this model only to radiometry taken concurrently with the scatterometry, thus taking advantage of the identical coverage and geometry [START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], 2017). As detailed in Chapter 3, there is only one resolved scatterometry observation each for Dione, Rhea, and Iapetus, which therefore only covers a restricted area on each satellite. In order to apply the CEB model to other observations of varying coverage, geometry, and resolution, we implement the following adjustments.

Rhea

The RH127 scatterometry data only cover the anti-Saturn side of Rhea, including a large part of the Inktomi Ejecta Blanket Region (IEBR) (Section 3.3.3 and Fig. 3.11). We create a simplified map σ 0 map (θ, φ) = (σ 0 (θ, φ))/(2ncos n θ eff ) by averaging all values far (>30 • in latitude/longitude away) from Inktomi crater and assigning the resulting value to the entire disk, except for the region near Inktomi where a 2-dimensional Gaussian fit is applied to the data. The resulting map is displayed in Fig. 5.7.

Dione

The DI163 scatterometry data only cover the sub-Saturn side of Dione, and exhibits a leading/trailing dichotomy (Section 3.3.3 and Fig. 3.12). For our initial analysis of the Dione radiometry, we preferred not to use this dataset, which is plagued by an uncertainty in the pointing offset. Instead, we divide Dione into 45 • latitude and longitude bins, a size large enough to contain enough data for a fit and small enough to take into account spatial variations and in particular the leading/trailing dichotomy. In each of these areas and for each set of parameters (I,r,ε ′ r ), we find the best-fit value of f , assuming σ 0 /(2n cos n θ eff ) = 0.529, the mean value from the Dione scatterometry. We then combine the data over all of Dione to derive the three other parameters (I,r,ε ′ r ). We expect the extracted emissivity to display a leading/trailing dichotomy, anti-correlated with the variations of the NRCS with longitude (i.e., a lower emissivity on the leading than the trailing side).

Iapetus

The IA049-3 scatterometry data covers the leading hemisphere of Iapetus, and shows a strong contrast between the optically dark Cassini Regio and the optically brighter polar regions, Ronceveaux Terra and Saragossa Terra. This data has been examined by [START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] and Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] applied the same emissivity model described herein on Iapetus, while also including a quasi-specular component of the backscattering cross-section, which is necessary for an accurate fit of the backsatter response with incidence angle:

σ 0 (θ, φ) = a cos n θ + σ 0 p qs (θ, φ) (5.16)
Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] used the distant observations to adjust the ratio (1 + µ L )/ f CBE , and derived the emissivity of each radiometry burst from the concurrent scatterometry data. They then proceeded to finding the best-fitting values of the thermal inertia and skin depth ratio from the IA049-3r radiometry data independently in Cassini Regio and the polar terrains (Ronceveaux and Saragossa Terra). Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] did not, however, jointly fit consecutive distant scans of the same regions: this analysis was therefore undergone as part of my thesis.

The scatterometry data samples only Cassini Regio well enough to derive accurately its scattering properties: the polar regions were only observed at high incidence angles, and the optically bright trailing hemisphere terrain was not scanned. We opted against using the scatterometry data in the emissivity model, which simplifies the model and makes it applicable to the whole surface. We therefore use a uniform value of σ 0 /(2n cos n θ eff ) = 0.1, the average value in Cassini Regio, before finding the factor f = (1 + µ L )/ f CBE . In reality, σ 0 /(2n cos n θ eff ) is likely to be much higher than 0.1 at the poles and in the trailing hemisphere: the values of f derived are therefore only valid for the leading hemisphere. Even within Cassini Regio, Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] detected local variations in the backscatter, probably caused by a large impact crater named Falsaron. Because such variations are not accounted for in the uniform emissivity model, we expect them to appear in the residuals between our model and the observations. 5.4 Simulating the antenna temperature

Obtaining the brightness temperature

At this point, we can produce a simulated brightness temperature map using the following formula:

T B (I, r, ε ′ r , f, θ, φ) = e(ε ′ r , f, θ, φ) × T eff (I, r, θ, φ) (5.17)
which depends on the observation geometry (θ, φ), two thermal/electrical parameters (I,r), and two emissivity parameters (ε ′ r , f ). An example of simulated emissivity, effective temperature and brightness temperature maps is shown in Fig. 5.8. 

Convolution with the beam pattern

The final step in simulating antenna temperatures consists in convolving the brightness temperature map with the beam pattern. We separate the diffuse and quasi-specular components of the emissivity before convolution, yielding the following equation for the antenna temperature T model A,0 :

T model A,0 (I, r, ε ′ r , f ) = 4π 1 -R(ε ′ r ) T eff (I, r)gdΩ -f 4π σ 0 map T eff (I, r)gdΩ (5.18)
where g is the normalized beam pattern and dΩ = sin θdθdφ is the solid angle in the viewing direction (θ, φ); all variables, except f , are functions of the viewing direction. Because the integral does not have to be calculated for each value of f , separating the two components of the emissivity reduces computation time. We apply this convolution with the beam pattern for the geometry of each time step, thus obtaining a time sequence which can be directly compared to the calibrated antenna temperatures measured by the Cassini radiometer (e.g., Fig. 4.1).

Before being able to compare the modeled antenna temperatures to the observations, there is one last required step: the baseline must be subtracted from the simulated data. Indeed, during the distant scans, the icy satellite (Rhea or Dione) is almost always present in the near sidelobes during the cold sky observations, and the modeled temperature thus does not reach zero. Since this contribution was removed from the observed T A when subtracting the radiometer temperature baseline (see Section 4.2.3), the exact same method must be applied to the modeled T model A,0 in order to obtain final modeled antenna temperature time sequence T model A .

Data fitting method

Deriving the factor f Although Eq. 5.18 may suggest that f could be derived directly by comparison to the data for each combination of (I,r,ε ′ r ), this is in fact not possible because the baseline must be subtracted after calculation of f . Instead, for each combination of the parameters I, r, and ε ′ r and for 15 values of f from 0 to 1, we compute T model A and the reduced weighted chi-squared statistic χ 2 r , as follows:

χ 2 r = t f t 0 w × T obs A -T model A σ 2 t f t 0 w (5.19)
where σ is the measurement uncertainty defined in Chapter 4 (Eq. 4.8), t 0 and t f are the start and end time of the observation, and w is a weight calculated from the distance between consecutive observations (described below). Plotting χ 2 r versus f as in Fig. 5.9 yields a parabolic curve, whose minimum indicates the best value for f . Figure 5.9 -Example of the relation between χ 2 r and f , for a fit on the South pole of Rhea with a thermal inertia of I = 250 MKS and a skin depth ratio of r = 69. In this case, the minimal value of χ 2 r is found for f = 0.49.

Calculating the weights w

When we include the stares or the resolved scan in the fit, the observations are not uniformly distributed in time and space. For example, stares observe a unique point at the satellite's surface many times during tens of minutes. These consecutive observations of the same region are thus not independent, and should not be given more weight than the observations of the same region during a much faster but independent distant scan. This also poses a problem for the resolved datasets (RH127_4r, DI163_1r, and IA049-3_1r), which have repetitive coverage near the limbs but not near nadir. In order to take into account the varying resolution and spatial coverage, each observation is weighted by the angular distance ∆d separating it from the previous observation:

w = ∆d
(5.20)

The best fitting value for each parameter (I,r,ε ′ r ) is the one giving the smallest χ 2 r (χ 2 r,min ), for the best value of f determined above. The 2-σ error bars on the parameters are found using the 95% confidence intervals from the χ 2 statistics, taking into account the number of DOF (degrees-of-freedom).

On Rhea and Iapetus, there is an additional weighting factor accounting for possible regional variations in subsurface properties; these weights are described in Section 5.4.5.

Mapping f and e

For each satellite, we first fit all data simultaneously, regardless of expected regional differences in surface and subsurface properties. This fit is generally poor; however, mapping its residuals allows us to examine which regions appear to behave differently from the others at 2.2 cm wavelengths. These regions are then fitted independently to determine their subsurface properties.

If we assume uniform thermal inertia, skin depth ratio, and dielectric constant over the whole surface of a satellite, then we can attribute the large residuals to changes in emissivity (and albedo in the case of Rhea). In this approach, the satellite's surface is divided into 45 • latitude and longitude bins, a size large enough to contain enough data to constrain f and small enough to account for most spatial variations. In each of these areas and for each set of parameters (I,r,ε ′ r ), we find the best-fit value of f following the method described above. We then combine the data over all of the satellite and calculate a global χ 2 r . The value of f found within each 45×45 • region is used to calculate the emissivity e (Eq. 5.15), assuming a uniform value of σ 0 (θ, φ)/(2ncos n θ eff ). An emissivity map results, which is most reliable where repeat observations have been acquired.

On Iapetus, observations of the Northern polar regions during the IA00B, IA00C, and IA017 scans include signals from both the leading and trailing hemispheres, which exhibit very different behaviors. Thus, the data poleward of 60 • latitude are excluded from the emissivity map, and 30 • latitude and longitude bins were used globally. For the resolution and coverage of the Iapetus radiometry dataset, this is still a large enough region size to derive the emissivity map.

On Rhea, the bolometric Bond albedo was assumed constant over the surface (see Section 5.1.3), even though it should actually be higher on the leading than the trailing side [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF][START_REF] Pitman | Disk-integrated bolometric Bond albedos and rotational light curves of saturnian satellites from Cassini Visual and Infrared Mapping Spectrometer[END_REF][START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF]. Emissivity and albedo are largely degenerate parameters in our model (this is observed and discussed in Section 6.2.2). Thus regions with low emissivity in the "emissivity" map can be explained by lower emissivity and/or higher albedo than their surroundings (i.e., their brightness temperature is colder, due either to low emissivity and/or high albedo). On Dione and Iapetus, however, a bolometric Bond albedo map was used for the thermal model and should take into account most temperature variations due to albedo. On these satellites, the emissivity map does represent emissivity, assuming that I,r,ε ′ r are uniform.

Deriving subsurface thermal, physical, and compositional properties

As detailed above, the best-fit parameters I, r = δ el /δ day th , ε ′ r , and f = (1 + µ L )/ f CBE are those that provide the best fit, i.e., the lowest value of χ 2 r,min . To obtain the 95% confidence interval on each parameter, we first adjust the uncertainties on the time-sequence data such that χ 2 r,min = 1. The maximum allowed χ 2 r values within a 95% confidence interval are obtained using a χ 2 table (available online, e.g. at https://www.medcalc.org/manual/chi-square-table.php), where the number of degrees of freedom is determined by the number of observations, minus 4 (the number of free parameters). The asymmetrical 2-σ error bars correspond to the minimum and maximum values of each parameter allowed within the 95% confidence interval.

The best-fit parameters and their uncertainties are then converted into diurnal, seasonal (Eq. 5.11), and electrical skin depths (Eq. 2.13), assuming a temperature of T 0 = 75 K when calculating the specific heat capacity. Using a lower T 0 would yield higher thermal and electrical skin depths and a lower loss tangent. The emissivity e is derived from the dielectric constant ε ′ r and the factor f (Eq. 5.15). For a low-loss medium like porous water ice and assuming all losses are due only to absorption (i.e., no scattering loss), the loss tangent is derived from the wavelength λ (2.2 cm), the electrical skin depth δ el , and the dielectric constant ε ′ r according to Eq. 2.13, given again here for clarity:

tan δ ≈ λ 2π √ ε ′ r δ el (5.21)
From tan δ we can then derive the imaginary component of the permittivity, ε ′′ r (Eq. 2.7). We recall that a low value of ε ′′ r (and of tan δ) corresponds to a low-loss, transparent medium, through which the signal can travel easily: it is therefore associated with a large electrical skin depth δ el . However, the low inferred dielectric constants and high measured radar brightness suggest important losses due to scattering (in addition to absorption). Thus the derived values for the loss tangent are strict upper bounds.

Application to Rhea, Dione, and Iapetus

Rhea

From the RH127 scatterometry data (Fig. 3.11) and the concurrent deconvolved brightness temperature map (RH127_4r in Fig. 4.6), it is obvious that areas near or within the Inktomi Ejecta Blanket Region (IEBR) are more radar-bright and radiometrically cold than their surroundings, strongly suggesting different thermal properties and/or emissivity in this region. The thermal emission model we have developed only accounts for differences in emissivity (using the scatterometry observations, see Section 5.3.3), while the local thermal inertia, ratio, and albedo may also be different. Due to the lack of a bolometric Bond albedo map and because there is not sufficient radiometry coverage in local hours or seasons, we cannot constrain the properties of the IEBR independently from those of its surroundings.

Instead, we treat the IEBR in two different ways: i) using the backscattering cross-section map σ 0 map as described in Section 5.3 while assuming all other parameters equal, or ii) fitting only the data with no Inktomi contribution and weighting the rest of the data to account for the contribution of the IEBR in the near sidelobes. To calculate the percent contribution of the IEBR to the antenna temperature, we first delineated this region using the enhanced three color global map of Rhea from [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF], as shown in Fig. 5.10. We then convolved this map with the beam pattern to obtain the Inktomi crater filling fraction ν IEBR for each particular observation. Data "with no Inktomi contribution" are defined as those where the Inktomi areal filling factor is ν IEBR < 0.02 (<2%). Because even these data are not entirely devoid of Inktomi contribution, we weighted them with the factor (0.02 -ν IEBR ). The final weights applied when calculating χ 2 r (from Eq. 5.19) on Rhea are therefore:

w = ∆d × (0.02 -ν IEBR ) (5.22)
The results and interpretations of applying this method to Rhea are detailed in Section 6.2. 

Dione

On Dione, the scarcity of the data and its poor resolution do not permit the detection of regional anomalies clearly correlated with geological or albedo features. We therefore used the weights and methods described above (Eq. 5.20) for the general case. The results and interpretations of applying this method to Dione are detailed in Section 6.3.

Iapetus

On Iapetus, there is a strong leading/trailing dichotomy apparent at all observed wavelengths, including in the 2 cm radar/radiometry data (Chapters 3 and 4). The emissivity cannot be mapped from the scatterometry data, which only covers a section of the leading hemisphere. Furthermore, different thermal properties are expected within the leading hemisphere optically dark terrain called Cassini Regio and the rest of Iapetus, as suggested by the best-fitting thermal inertias and skin depths found by [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. Consequently, the data inside and outside of Cassini Regio are fitted separately, using a weighting method similar to the one applied to the IEBR on Rhea.

The outline of Cassini Regio is delineated from the enhanced three-color mosaic of Schenk et al. (2018), as illustrated in Fig. 5.10. As for Rhea, this map is then convolved with the beam pattern during each scan to obtain ν CR , the Cassini Regio filling fraction. The cut-off value to select data within Cassini Regio was fixed at ν CR > 0.7 (70%), whereas the cut-off value for data outside of Cassini Regio (i.e., the trailing hemisphere optically bright terrain, divided into Ronceveaux Terra in the Northern hemisphere and Saragossa Terra in the Southern hemisphere) is ν CR < 0.3 (30%). The data selected within Cassini Regio is weighted as follows:

w = ∆d × ν CR (5.23)
Meanwhile, the data selected outside of Cassini Regio is given the following weights:

w = ∆d × (0.7 -ν CR ) (5.24)
The results and interpretations of applying this method to Iapetus are detailed in Section 6.4.

Model limitations

Like most models, the ones used here have several limitations, which are important to keep in mind before examining the results of the parameter derivations. These assumptions and limitations have been detailed above, and are summarized here for convenience:

• Only heat transfer through conduction is considered (Section 5.1.2).

• Thermal properties are assumed uniform with depth and with temperature (Section 5.1.2).

• No physical model of thermal inertia and thermal conductivity is used, thus the physical properties of the subsurface (e.g., grain size, contact quality) cannot be derived (Section 5.1.3).

• Scattering is not physically accounted for in the radiative transfer model, although it is estimated in the emissivity model (Section 5.2.1).

• The model parameters (and the bolometric Bond albedo for Rhea) are assumed uniform in each fitted region, even though they are expected to vary regionally (Section 5.4.3).

These simplifications are necessary to keep a small number of free parameters, which can be derived from the data available, which is limited in resolution, spatial coverage, and temporal sampling.

Conclusion

By combining a thermal model, a radiative transfer model, and an emissivity-backscatter model, we derive simulated antenna temperatures for the Cassini radiometry observations of Saturn's icy satellites. The bolometric Bond albedo assumed is either mapped (according to [START_REF] Blackburn | A bolometric Bond albedo map of Iapetus: Observations from Cassini VIMS and ISS and Voyager ISS[END_REF][START_REF] Blackburn | Exploring the Impact of Thermal Segregation on Dione Through a Bolometric Bond Albedo Map[END_REF] or assumed constant when no map is available (on Rhea). The parameters of the model are the thermal inertia I, the ratio of electrical skin depth to diurnal thermal skin depth r = δ el /δ day th , the dielectric constant ε ′ r , and the scattering factor f = (1 + µ L )/ f CBE . The antenna temperature time sequence obtained can then be directly compared to the calibrated Cassini radiometry observations to determine the best fitting parameters.

Chapter 6

Derivation of thermal, physical, and compositional subsurface properties from Cassini radiometry

Once the radiometry data have been calibrated and processed (Chapter 4) and a model has been developed to simulate them (Chapter 5), the modeled antenna temperatures can be fitted to those observed. A simple comparison of disk-integrated antenna and effective temperatures yields a first estimate of the emissivity for Iapetus, Enceladus, Rhea, and Dione. Including the emissivity model and analyzing jointly all available data leads to new thermo-physical constraints for the subsurfaces of Rhea, Dione, and Iapetus.

Disk-integrated emissivities

Disk-integrated emissivities have been derived for the mid-sized icy satellites of Saturn by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] from the early Cassini radiometry observations. These authors derived the emissivity from the disk-integrated temperatures by comparing them to the isothermal equilibrium temperature T eq = 91.4(1 -A B ) 1/4 , where A B is the bolometric Bond albedo, as a first approximation. Herein, we derive disk-integrated emissivities from all available Cassini radiometry data on Enceladus, Dione, Rhea, and Iapetus, using the thermal and radiative transfer models described in Chapter 5, which provide a much better estimate of the effective temperature sensed by the radiometer. This approach has been applied to Iapetus by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] and to Dione, Rhea, and Enceladus by Robin Sultana during his Master's internship in 2018 (co-supervised by Alice Le Gall and myself). These results, updated using the most recent calibration, processing, and thermal model described in previous chapters, are presented in this section.

This analysis yields some constraints on the thermal inertia, probed depths, and emissivity variations. However, it remains very limited: both an emissivity model and a comprehensive analysis of all overlapping observations is necessary. The results of applying the complete model and fitting method are described in Section 6.2 for Rhea, Section 6.3 for Dione, and Section 6.4 for Iapetus.

Method

For each combination of the thermal inertia I and the skin depth ratio r = δ el /δ day th (parameters described in Chapter 5), we average the effective temperature map, obtained as detailed in Section 5.2, over the disk, yielding T disk eff (I, r). In parallel, we determine the disk-integrated brightness temperatures for each scan T disk B as described in Section 4.3.1. Stare observations, which do not have global 123 coverage, are excluded from this analysis. The disk-integrated emissivity for each set of parameters is then given by:

e disk (I, r) = T disk B T disk eff (I, r) (6.1)
This method is the same as that used by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] on Iapetus. Because these emissivities are integrated over the satellite disk and are obtained from global scans, the dependence of the emissivity on emission angle and polarization is also averaged over the disk. Note that, although we explore a wide parameter space (r from 0.01 to 1000 and I from 10 to 1000 MKS), implying a large range of electrical skin depths, electrical skin depths below 10 cm (<5 times the wavelength) are unlikely in a transparent medium such as a water-ice regolith. The thermal inertia / ratio combinations corresponding to such short skin depths, which generally yield very high emissivities (sometimes even higher than the unity which is not physical), are therefore very unlikely; they are grayed out in the figures shown herein.

The results of applying this method to the Enceladus, Dione, Rhea, and Iapetus Titan are given hereafter. We have not yet applied this method to Tethys and Mimas, where few Cassini radiometry observations have been acquired. Indeed, the short orbital period of Tethys and above all Mimas imposes a very short time step for the thermal model to accurately sample a day on these moons, leading to very long computation times and large file sizes. Moreover, Saturnshine (sunlight reflected by Saturn) and Saturn's thermal emission must be taken into account for these moons, which adds to flux computation times. These complications are also true of Enceladus, which was prioritized over Mimas and Tethys due to its current activity and more numerous Cassini radiometry observations. Furthermore, Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF] had already calculated the incident fluxes over Enceladus when examining the high-resolution observation.

Application to Iapetus

Previous work by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] All Cassini observations of Iapetus have already been analyzed by [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. These data have been re-reduced following the method described in Chapter 4. Although the systematic antenna pointing offset we corrected within the SPICE kernels was not known at the time, [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] adjusted the pointing offset for each scan. The main difference between the re-reduction of the Iapetus radiometry and the data they presented is caused by the disk-integrated temperature fitting method, described in Section 4.3.1. Fitting a latitudinally varying temperature model yields better fits (lower χ 2 values) than with a uniform temperature model, leading to lower uncertainties in our brightness temperatures (Table 4.1) than in those of Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. Nonetheless, even this difference in method is small, and we expect to find the same emissivities as Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF].

After deriving the emissivity values for each flyby, Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] adjusted the thermal model to the resolved leading hemisphere observation (namely IA049-3 in Table 4.1), using the emissivity model described in Section 5.3 with an additional quasi-specular component in the backscattering cross-section σ 0 . During this resolved observation, data were acquired on the optically dark equatorial terrain Cassini Regio (CR) and the optically bright mid-to-high latitude regions of Ronceveaux Terra (RT) in the North and Saragossa Terra (ST) in the South. These authors applied their fitting method separately to CR and jointly to RT and ST. Their results are summarized in Table 6.1. The thermal inertia they derived is higher than in the thermal infrared (15 -30 MKS; Table 5.2; [START_REF] Spencer | Cassini CIRS Observations of Iapetus' Thermal Emission[END_REF][START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF][START_REF] Rivera-Valentin | Revisiting the thermal inertia of Iapetus: Clues to the thickness of the dark material[END_REF], indicating a likely increased degree of compaction of the regolith at meter depths. The differences in thermal inertia, probed depth, and emissivity between the optically bright and dark terrains are most likely caused by the leading hemisphere optically dark material, which is emissive (high leading side emissivity) at 2.2 cm; Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] favor tholins over iron oxides as a candidate for this leading hemisphere material. Table 6.1 -Inferred parameters for Iapetus's optically dark terrain Cassini Regio (CR) and optically bright terrains Saragossa Terra (ST) and Saragossa Terra (ST), from Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. The lower (LCL) and upper (UCL) confidence limits are given for the two model parameters, I and r = δ el /δ day th . See Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] 

Updated results

Fig. 6.1 displays the derived emissivities for each (I, r) combination, on each scan of Iapetus. Both the I and r = δ el /δ day th axes are shown in log scale to improve legibility. For some (I, r) combinations of several flybys (all except IA049-4 and IA017), the effective temperatures are actually lower than the disk-integrated brightness temperature. According to Eq. 6.1, this would yield e disk (I, r) > 1, which is not a physical value. These (I, r) combinations, which are portrayed in black in Fig. 6.1, must therefore be discarded. From the IA049-1, IA049-2, and IA049-3 observations, this implies that the leading hemisphere thermal inertia must be strictly larger than 20 MKS, consistent with the result of Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] (Table 6.1). The leading/trailing dichotomy, already reported from this dataset by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] and Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], is also apparent in this visualization. The minimum emissivity derived on the leading side (flyby IA049-2) is e disk > 0.86, whereas on the trailing side (IA00C and IA049-4) we find (excluding probing depths below 10 cm) 0.71 < e disk < 0.90, both consistent with Table 6.1 and Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF].

On the trailing side, radiometry data were acquired during the local night (IA00C; near midnight on 01 January 2005) and the local day (IA049-4; 10 AM on 10 September 2007). Both observed regions consist in mostly the optically bright trailing hemisphere terrain, and we can assume that they have similar thermophysical properties, including emissivity. In this case, the only possible (I,r) combinations are those which give the same emissivity within error for both flybys. The difference in emissivity is shown in Fig. 6.2 up to the uncertainty in emissivity. This simple method, much quicker than fitting modeled antenna temperatures jointly to both datasets, nevertheless yields some constraints for the skin depths, although the thermal inertia remains undetermined. We thus confirm that the electrical skin depth δ el must be larger than 1 m, with depths between 1 and 10 m being best. This result is consistent with those of Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], from an in-depth analysis of only flyby IA049-3r (Table 6.1). 

Application to Enceladus

Previous work by [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF] and Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF] The resolved radiometry observations acquired during flyby EN156 (also called E16, as it was the 16th flyby of Enceladus) have been examined by [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF] on the leading and sub-Saturn sides, and by Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF] in the high Southern latitudes. Their results have been summarized in Sections 2.5.5 and 4.4.2, and include the discovery of a low-emissivity terrain on the leading hemisphere associated with a geologically young region [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF] and the detection of excess heat flux in the South polar region (Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF].

Incident fluxes on Enceladus

The orbit of Enceladus lies at only 4.1R Saturn from the planet's center. Saturn as seen from Enceladus thus has an angular size of 26.8 • . In consequence, the thermal infrared emission from Saturn F S,IR and the visible solar flux reflected off Saturn F S,VIS are not negligible at Enceladus. The flux absorbed at Enceladus then takes the following form:

F absorbed = (1 -A B ) × (F ⊙ cos δ ⊙ + F S,VIS cos δ S ) + (1 -A IR ) × F S,IR cos δ S (6.2)
where A B is the bolometric Bond albedo of Enceladus, A IR = 0.05 is the infrared reflectivity of Enceladus, and δ ⊙ and δ S are the incidence angle of the solar and Saturn flux, respectively. In the model computing the incoming flux on Enceladus, Saturn was divided into a 15 by 15 • grid. The solar flux reflected on Saturn was integrated on the illuminated side of the planet visible from each surface point on Enceladus, assuming a bolometric Bond Saturn albedo of A Saturn B = 0.34 [START_REF] Hanel | Albedo, internal heat flux, and energy balance of Saturn[END_REF]. The thermal infrared component, meanwhile, is integrated over the full disk of Saturn with effective temperature 95 K, and is assumed to be homogeneous with Saturn latitude and longitude. Once the absorbed flux is calculated, the remaining steps of the thermal and radiative transfer models are as described in Chapter 5. The infrared flux from Saturn, which permanently affects the sub-Saturn side of Enceladus regardless of time or season, has an important heating effect in this region. The visible solar flux reflected on Saturn (the so-called Saturnshine) also heats only the sub-Saturn side, though only during the local night at the satellite, i.e. when Saturn's facing side is illuminated.

Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF] found that accounting for Saturn's visible and infrared contribution to the absorbed flux is indeed mandatory at Enceladus. During the E16 high-resolution scan on the southern high latitudes, they found that Saturn flux could contribute > 5 K of heating on the sub-Saturn side, as shown in Fig. 6.3. Due to Saturn's large angular side, it also affects, to a lesser but non-negligible degree, temperatures on the anti-Saturn high-latitudes.

Results

Fig. 6.4 displays the derived emissivities for each (I, r) combination, on each scan of Enceladus. Here, we assume a uniform bolometric Bond albedo of A B = 0.85, the same value used by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] and within the range of estimates from infrared data (see Table 5.2). In reality, the albedo is expected to be fairly variable over the surface (e.g., [START_REF] Pitman | Disk-integrated bolometric Bond albedos and rotational light curves of saturnian satellites from Cassini Visual and Infrared Mapping Spectrometer[END_REF][START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF]. To first order, modeled physical temperatures are proportional to (1 -A B ) 1/4 . Thus, lower values of A B would yield lower derived emissivities than shown here. The leading hemisphere, which already features some of the lowest derived emissivities, is expected to have a lower albedo than the rest of Enceladus [START_REF] Pitman | Disk-integrated bolometric Bond albedos and rotational light curves of saturnian satellites from Cassini Visual and Infrared Mapping Spectrometer[END_REF], which would result in even lower emissivities. This is consistent with the large-scale low-emissivity leading hemisphere terrain detected by [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF], and also apparent in the deconvolved maps of In the absence of bolometric Bond albedo map, a uniform bolometric Bond albedo of 0.85 is assumed. In reality, the albedo is expected to be fairly variable over the surface (see Table 5.2). An albedo lower than 0.85 would yield lower emissivities than shown here. 

Application to Dione

Fig. 6.6 displays the derived emissivities for each (I, r) combination, on each scan of Dione. The emissivities measured during flybys DI177 (near the geologically young Creusa crater) and DI050 (near the optically dark trailing hemisphere terrain) are very similar, and always within 0.695 < e disk < 0.808, a little higher than those on Enceladus, most likely due to the presence of more non-icy contaminants on Dione than on Enceladus. However, we would expect the optically dark trailing hemisphere material to exhibit a high emissivity (as on Iapetus) and the icy, blocky crater ejecta to have a low emissivity. The fact that the emissivities of both of these regions are similar despite their sampling different terrains suggests that, in both regions, the radiometer probes the icy substrate.

Meanwhile, for flybys DI016 and DI163, both of which sample the sub-Saturn side, the emissivities are e disk > 0.786, and can reach values above unity. This is an unexpected result, since there is no obvious reason for the sub-Saturn side to be compositionally or structurally different from the rest of Dione. Although local variations in emissivity are possible, it is likely that the thermal model underestimates the sub-Saturn temperatures on Dione. Indeed, we did not account for Saturn's heating (i.e., both the sunlight reflected by Saturn and the infrared thermal emission from the planet) when computing the incident fluxes on Dione, assuming that they would be negligible at an orbital radius of 6.5R Saturn . The abnormally high derived sub-Saturn disk-integrated emissivities suggest that Saturn's contribution to the incident flux is actually not negligible for Dione. This is further discussed in Section 6.3.3. Fig. 6.7 examines the difference in derived emissivity between flybys DI016 (October 2005, 1 AM local time) and DI163 (March 2012, 7 PM local time). Apart from excluding electrical skin depths below 10 cm for I < 100 MKS (which is already strongly suspected as we expect to probe deeper than ∼ 5 times the wavelength), this technique cannot constrain the subsurface properties of the sub-Saturn region. This is most likely because the difference in local time only affects subsurface temperatures down to shallow depths, and seasonal temperature variations have little effect at the equator. 6.1.5 Application to Rhea Fig. 6.8 displays the derived emissivities for each (I, r) combination, on each scan of Rhea. A uniform bolometric Bond albedo of A B = 0.55 was assumed; as for Enceladus, decreasing the albedo would correspondingly decrease the emissivities. Globally, emissivities are on average lower on Rhea than on Dione, although they can vary significantly with thermal inertia, ratio, and albedo. For the same parameters (I,r), we find slightly higher emissivities for flybys RH018 and RH049, observations which are centered on the sub-Saturn side, than on the rest of Rhea. As on Dione, this may be caused by Saturn's contribution to the incident flux, which, although much less significant at an orbital radius of 9.1R Saturn , still has a non-negligible effect on subsurface temperatures. Alternately, the high sub-Saturn emissivities may be due to the presence of a high-emissivity or low-albedo anomaly in this region.

In the South pole, data were collected during the Southern summer (RH011 in July 2005) and during the southern fall (RH177 in December 2012), both centered at a latitude of 77 • S. Fig. 6.8 shows that, for most combinations of thermal inertia I and skin depth ratio r, very different emissivities are found for RH011_2u and RH045_1u (southern summer) than for RH177_1u and RH177_2u (southern fall). Yet, the near-surface emissivity is presumably independent of the season, implying that most of the (I, r) combinations can be excluded. Instead, the parameters for which the summer and fall datasets agree in terms of emissivity must be representative of the South pole's subsurface: as shown in Fig. 6.9a, this occurs for skin depth ratios near r = 100, yielding electrical skin depths around δ el = 0.5 to 15 m i.e., 25 to 700λ. A large probing depth indicates a very transparent medium, and therefore a high degree of purity of the water ice regolith in this region; this is further discussed in Section 6.2.3. This result also implies that the 2.2 cm emissivity of Rhea's South pole must range from e = 0.62 to 0.72, for an albedo of A B = 0.55.

In the anti-Saturn side, data were acquired in March 2006 (RH022) and in March 2010 (RH127). However, in the equatorial regions, the temperature does not change enough over these four years for any constraints to be derived using this simple method, as shown in Fig. 6.9b. Local time is very similar during these flybys (∼23:00 and midnight; see Table 4.1), so daily temperature variations also cannot be detected. Going further requires the use of an emissivity model and simultaneous fitting on several scans, as in Section 6.2. The difference in emissivities between flybys is shown up to the quadratic sum of the 1-σ uncertainties on the emissivities of each scan. On the South pole, the skin depth ratio must lie approximately between 100 and 1000. On the anti-Saturn side, the seasonal temperature variations are insufficient to permit the derivation of any constraints with this method.

Thermal, structural, and compositional properties of Rhea's subsurface

After Titan, Rhea is the satellite which the Cassini radiometer observed the most; yet this dataset had so far not been exploited. I therefore focused primarily on Rhea during my thesis. The results and interpretations described herein have been published in [START_REF] Bonnefoy | Rhea's subsurface probed by the Cassini radiometer: Insights into its thermal, structural, and compositional properties[END_REF].

Method

Radiometry observations have been acquired on Rhea during 9 flybys, including repeated observations of the sub-Saturn, anti-Saturn, and South polar regions. To investigate the thermal and electrical properties of different regions of interest of Rhea, we apply the fitting method described in Section 5.4 first to all data jointly (with and without including the poles). Regional differences in albedo and emissivity are taken into account together as described in Section 5.4.3; the IEBR is either masked or modeled as an emissivity anomaly (Section 5.4.5). Then, the fitting method is applied separately for each well-sampled region: the South pole (latitudes poleward of 50 • S), the sub-Saturn side (0 ± 45 • E; <50 • latitude), and the anti-Saturn side (180± • E; <50 • latitude). There is too little coverage on the North pole and the trailing hemisphere for their analysis, and the leading hemisphere is contaminated by the Inktomi crater ejecta blanket, which clearly has very specific chemical and/or thermophysical properties.

Results

We recall that the Inktomi Ejecta Blanket Region (IEBR) was either modeled as an emissivity anomaly or masked while the remainder of the data was weighted according to distance to Inktomi crater (Section 5.4.5). The results obtained in both cases are reported in Table 6.2 when Inktomi is within the region of interest (i.e., not for the sub-Saturn side), assuming a bolometric Bond albedo of A B = 0.55. Fig. 6.10 illustrates the 2-σ confidence regions in the (I,r) space, for best fit values of ε ′ r and f . We note that the electrical skin depths are generally larger than or comparable to the seasonal thermal skin depths (Table 6.2), indicating that the Cassini radiometer is sensitive to seasonal, rather than only diurnal, temperature variations on icy satellites.

For the emissivity e, we find values in the range 0.62 -0.76 assuming A B = 0.55. This range is extended to 0.59-0.84 if the albedo is allowed to vary from 0.42 to 0.72. These emissivities are largely consistent with the value of 0.59 derived by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] using fewer observations, a Bond albedo of A B = 0.45, and a very simple temperature model. For the ranges of (I,r) shown in Fig. 6.10 and for the flybys in each considered region, the disk-integrated emissivity from Section 6.1.5 is within error of the values given in Table 6.1. For example, on the South pole, the emissivity within the 2-σ best fitting ellipses in the (I,r) domain extends from 0.62 to 0.68, within error of the value shown in Table 6.2 (0.65 +0.03 -0.03 ) for a bolometric Bond albedo of 0.55. Slightly smaller disk-integrated emissivities (by ∼ 0.02) are generally obtained in regions including Inktomi and its ejecta blanket. The constraints on the thermal inertia and skin depth ratio obtained using the emissivity-backscatter model and fitting all available South polar data (Table 6.2 and Fig. 6.10) are also perfectly within the range of those obtained from the disk-integrated emissivities on the South pole (Fig. 6.9). Figure 6.10 -2-σ best fitting ellipses in the (I,r) domain, for best-fit values of ε ′ r (see Table 6.1 for the other parameters) for each of the 5 regions where the fitting method was applied on Rhea, and for each of the two different ways to treat the Inktomi ejecta blanket (masked or not). The minimum reduced χ 2 value (χ 2 r,min ) is indicated for each fit. The bolometric Bond albedo used is A B = 0.55. Note that, while the thermal inertia and skin depth ratio vary, the best-fit electrical skin depth δ el always remains within 5-15 m. Table 6.2 -Best-fit parameters and associated 2-σ error bars in different regions of Rhea, assuming a uniform global bolometric Bond albedo of A B = 0.55. A higher albedo yields lower scattering factors f and higher emissivities e, but barely changes the other derived parameters. The Inktomi ejecta blanket region is handled with two different methods: either it is masked and the fit is applied to the rest of the region ("Masked"), or it is included but treated as an emissivity anomaly, with a Gaussian dependence with distance to Inktomi itself ("Included"); see Section 5.3.3 for details. Note that Inktomi being located on the anti-Saturn Southern hemisphere, it has no influence on the sub-Saturn data. When the error bars reach the boundaries of the range of tested values for the thermal inertia (10 < I < 1000), the actual error bars cannot be known, and MIN or MAX are indicated instead. The electric and thermal skin depths were calculated assuming zero porosity; their actual values for non-zero porosities are likely larger (∝ 1/(1p)). The loss tangent, inversely proportional to the electrical skin depth, would be lower for higher porosities.
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1.30 < 0.9 a For the global and equatorial fits, we calculate the factor f separately in bins of 45 by 45 • before fitting all data jointly. The value given here is the global average. b No upper bound can be extracted for tan δ if no lower bound was found for the thermal inertia. c The values given herein were calculated for a bulk density of ρ 0 = 992kg/m 3 . The correct value for crystalline water ice is ρ 0 = 918kg/m 3 , leading to an 8% underestimation of depths, and overestimation of tan δ.

Effect of surface roughness

We further note that these results are obtained while neglecting surface roughness. However, we have checked that this assumption does not change the results by also deriving the quasi-specular component of the emissivity according to the model proposed by [START_REF] White | Lunar polarization studies at 3.1 mm wavelength[END_REF], which includes large-scale surface roughness as a new parameter. For a representative sub-section of the data (only one scan for each flyby, thus ignoring repeat scans and the resolved observation), we always obtain the same best-fitting thermal inertias I and skin depth ratios r as with the smooth model (as given in Table 6.2). For the South pole and the anti-Saturn side the derived dielectric constant remains the same and the best-fitting roughness is minimal (1 • rms slope). On the anti-Saturn side, the highest tested value of roughness (35 • rms slope) yields the best fit, with a correspondingly higher dielectric constant (1.75 instead of 1.3 -1.4). The large number of parameters of this model leads to degeneracy between several parameters and overfitting of the model; consequently, error bars should be very high and interpretations on surface roughness would be speculative. Nonetheless, the fact that we always find the same best I and r while the dielectric constant ε ′ r remains < 2 provides confidence in the robustness of the results obtained assuming a smooth surface. 2. Note that the derived ratio remains the same, but the inferred thermal inertia and the electrical skin depth δ el decrease with increasing albedo. The value of the emissivity at nadir for the best fit parameters is indicated; as expected it increases with albedo.

Effect of the bolometric Bond albedo

Modifying the albedo uniformly across Rhea mostly affects the absolute values of the brightness temperature, rather than its spatial or temporal variations. A higher albedo leads to colder modeled physical temperatures (at first approximation they are proportional to (1 -A B ) 1/4 ) and therefore the emissivity required to fit the observations must be higher (Fig. 6.11), which further implies a higher scattering factor f . Thus f and the bolometric Bond albedo A B are essentially degenerate parameters, while the remaining parameters change little with albedo. This is true only to first order: we note a small difference in the derived thermal inertias, and consequently in the electrical skin depth and loss tangent, as a function of A B (see Fig. 6.11 for the case of the South Pole). Including the influence of the global value of the albedo would increase the error bars on the derived parameters by about 10%, but would not change the overall results (except for the scattering factor f and emissivity e) which is why we only show the case where A B = 0.55 in Table 6.1. 6.14 -Emissivity map assuming a uniform albedo A B = 0.55, using all available data. The emissivity is assumed constant in every 45×45 • latitude/longitude bin. There is no data available in the white regions; the emissivities between 45 and 65 • N are based on a few limb observations and are less reliable. Because emissivity and albedo cannot be separated, apparent lower emissivity regions observed in this map may instead be caused by locally higher bolometric Bond albedos (and vice versa for high emissivity regions).

Regional albedo/emissivity variations

The local value of the albedo, however, may have a significant influence on the observed temperature map. Indeed, applying our fitting methods to the data from all flybys at once yields imperfect fits (χ 2 r > 2.8), with the residual clearly showing, whether Inktomi is masked or not, an anomaly on the sub-Saturn side (longitude of 0 • E; Fig. 6.12b and c). More localized anomalies are also apparent on the leading hemisphere (longitudes of -180 to 0 • E). At first order, these poor fits may be explained by albedo and/or emissivity variations at the surface of Rhea.

Interestingly, the model degeneracy between the subsurface scattering parameter f and the bolometric Bond albedo A B allows us to account for the variations in both parameters simultaneously by fitting f separately in 45 • latitude by 45 • longitude regions, using the method detailed in Section 5.4.3. The parameters (I,r,ε ′ r ) are assumed uniform over all of Rhea, while the subsurface scattering and albedo are allowed to vary spatially (but cannot be disentangled). With this method, much better fits are obtained; the residuals χ 2 r,min are indicated in Fig. 6.12e & f for both different ways of treating the IEBR (masked or included and modeled using the scatterometry data), with and without dividing f into smaller regions. This method is applied to all data at once, and to the equatorial data only (i.e, at latitude within ±50 • ), with and without Inktomi (Table 6.1). Once f has been calculated in each 45 • region, we can compute the emissivity in each region using Eq. 5.15, assuming a constant albedo; the resulting map is shown in Fig. 6.14. We recall that, as discussed in Section 5.4.3, emissivity and albedo effects cannot be disentangled using this method.

We find a low-emissivity/high-albedo anomaly spatially correlated with the IEBR (Fig. 6.14). To examine the influence of the IEBR, Fig. 6.12 shows the residual of a global fit obtained assuming the emissivity is uniform over Inktomi, without (Fig. 6.12a) then with (Fig. 6.12d) dividing f into 45 • squares. The strong negative residual near Inktomi and the poor quality of the fit testify of the necessity to either i) mask the IEBR (Fig. 6.12b & e) or ii) model the IEBR as an emissivity anomaly (Fig. 6.12c & f). Figs. 6.12c & f also show a positive residual to the West of Inktomi: this is because the Inktomi crater ejecta is, in fact, butterfly-shaped rather than circular as was modeled.

We also find a high-emissivity/low-albedo anomaly on the sub-Saturn side, especially in the northern hemisphere (see Fig. 6.14). Conversely, the partial bolometric Bond albedo map derived from CIRS observations by [START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF] (pictured in Fig. 6.13) shows an increase in albedo from -30 • N to 60 • N. This contradiction is partially explained by the scarcity of radiometry data at northern latitudes, while the southern latitudes were observed on several occasions, causing an artificial North/South asymmetry (especially given the large 45 • step size). On the other hand, our results are consistent with a higher albedo at the South pole than at the Equator (except near Inktomi), as also found by [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF]. Lastly, Fig. 6.12 reveals another cold spot to the North-west of Inktomi (-180 --100 • E, 45 • N), which is associated with a slight increase in the backscatter image. This cold spot is not correlated to any optical or IR anomaly, but does coincide with a large part of Tirawa crater, the largest crater on Rhea. Further interpretation of this anomaly would require more high-resolution data which cannot be obtained in the foreseeable future; it thus remains to be interpreted.

Regional variations in terms of thermal and dielectric properties

Because all of the observations were taken during the local night (sub-spacecraft point between 20:00 and 00:30 local time, see Table 5.2), the thermal inertia of the equatorial regions can only be approximately constrained. However, at high latitudes, seasonal variations in temperature are much more prevalent. In particular, at the South pole of Rhea, radiometry data were collected during the southern summer and fall. Combining summer and fall observations provides reliable constraints on the thermal properties of the near-subsurface. Fits for the South pole are especially good (χ 2 r,min ∼ 1), and are shown in Fig. 6.15, where the effects of the different parameters are illustrated separately. Lower values of the thermal inertia yield warmer modeled temperatures in the summer (2005), and colder in fall ( 2012), as the subsurface retains less heat (Fig. 6.15f). The same is true for the skin depth ratio: small ratios only probe the top layers, where the temperature changes more quickly with incoming solar flux, leading to warm summer temperatures and cold fall temperatures (Fig. 6.15g). The χ 2 r maps (Fig. 6.15a, b, & c) show that the derived thermal inertia (I = 70 -850 MKS), ratio (r = 20 -100), and dielectric constant (ε ′ r = 1.09 -1.35) are still somewhat correlated, while the best determined parameter is the electrical skin depth (4 -12 m).

While constraining thermal properties requires to have a sample of data collected at different times of the day (especially for the equatorial region) or of the year (especially for the poles), the determination of the dielectric constant requires observations at different emission and polarization angles. As expressed in Eq. 5.15 and described in Section 5.3.2, the dielectric constant mainly intervenes in the quasi-specular component of the emissivity model, described by Fresnel's coefficients. More specifically, the dielectric constant controls both limb darkening and the emissivity variations around the Brewster angle. However, observing either of these characteristics and deriving the effective dielectric constant is possible only with relatively high-resolution observations such as RH127 (sub-Saturn; resolution of 0.1-0.5R Rhea ) and RH177 (South pole; resolution of 0.3-0.4R Rhea ). As seen in Fig. 6.15e, only the last two flybys (RH127 and RH177) show changes of the modeled temperature with ε ′ r , and are therefore useful for the derivation of this parameter. (g) Modeled T A for ε ′ r and I constant, and r varying. Note that both the thermal inertia and the skin depth ratio are reasonably well constrained due to the observations at different seasons, whereas the dielectric constant is determined from the higher-resolution datasets (RH127 and RH177).

Interpretations and discussion

In this section, we examine the implications of the results of fitting the simulated antenna temperatures to Rhea radiometry observations. We look first at global compositional and structural characteristics derived for Rhea, then at regional variability.

Global results: composition

As a general result, we find that the Cassini radiometer is observing Rhea's subsurface down to depths of δ el = 6 -13 m, with variable error bars. At the South pole, excluding Inktomi and for all considered albedo values, the minimum electrical skin depth is 3.8 m, which is 170 times the radiometer wavelength (2.2 cm). Large penetration depths indicate a low loss tangent (tan δ < 1.1×10 -3 at the South pole; tan δ < 4.7 × 10 -3 elsewhere) and a correspondingly small imaginary part of the electrical permittivity, pointing to a very transparent, non-absorbing medium. This further implies that the near subsurface of Rhea is composed of very pure water ice. As vacuum is even more transparent than water ice, high porosities would further decrease the loss tangent of the medium, and their presence is therefore also a likely explanation for the low observed loss tangents. Impurities, such as organics or silicates originating from impacts or dust from the Saturn system, would tend to reduce the transparency of the medium. This interpretation is consistent with the high recorded backscattering coefficients and diskintegrated radar albedos (Chapter 3 and Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF] which are both indicative of ultra-clean water ice in the top few meters. The upper crust of Rhea was already suspected to be composed of pure water ice down to a depth of a few km based on the strong H 2 O spectral signature identified by Cassini VIMS in the trailing hemisphere tectonic scarps and in the walls of recent craters [START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF]. The trailing hemisphere darkening and the leading hemisphere reddening apparent in visible and near-infrared data [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF] must then be due to a thin (i.e., at most a few centimeters) layer of contaminants, through which the radar/radiometer can easily see. Indeed, a non-icy layer tens centimeters thick would increase the emissivity and reduce the probed depth, as on the dark side of Iapetus (Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF].

Iapetus, the only other icy satellite of Saturn where the same method was applied, shows a lower radar brightness (A disk SL-2 = 0.3 -1.0; Section 3.2.2 and Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF], higher emissivities (e = 0.74 -0.87), and shallower depths probed by the radiometer (δ el = 1.2 -4.1 m) than on Rhea (Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF][START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. These values are explained by the presence of absorbing contaminants, especially on Iapetus's leading side, introduced by the incoming Phoebe ring particles. Meanwhile, at Rhea, fluxes from Saturn's Phoebe ring, E ring, charged particles from the magnetosphere, and other solid impactors are expected to be very small [START_REF] Verbiscer | Saturn's largest ring[END_REF][START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF]Howett et al., 2018;Hendrix et al., 2018), in agreement with a thin non-icy coating. An almost pure water ice upper crust suggests a relatively young surface; however, to accurately determine the age of the surface, a model of the micrometeoroid and large impactor flux and composition would be necessary, which is particularly difficult given the multiple sources of impactors (Kirchoff et al., 2018, and references therein). Moreover, these fluxes are expected to be different in different regions of Rhea (polar/equatorial, leading/trailing, sub-Saturn/anti-Saturn), so the well-constrained polar loss tangent is not applicable to all of Rhea.

Global results: structure

For very diffuse scattering surfaces such as those of the icy satellites, the effective dielectric constant is mostly a measure of the degree of depolarization of the incident waves by the regolith. It thus provides insight into the subsurface structure (porosity, heterogeneity) rather than composition (although a pure water ice regolith will favor scattering in the subsurface volume by allowing large penetration depths). This is why very low effective dielectric constants are possible for a depolarized water ice medium, even though the bulk dielectric constant of water ice is 3.13 at cm wavelengths (e.g., [START_REF] Mätzler | Microwave permittivity of dry snow[END_REF][START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF]. The low derived ε ′ r values (ε ′ r = 1.07 -1.5, close to that of vacuum) indicate that little to no increase of the emissivity is detected at the Brewster angles: the near-surface mainly consists in an unpolarized regolith. Subsurface scattering by pores and/or inhomogeneities is the most likely cause of this depolarization of the outgoing signal.

We recall that diffuse scattering in the subsurface was modeled when calculating the emissivity as f × (σ 0 (θ, φ))/(2n cos n θ eff ). Thus when σ 0 is held constant (i.e., everywhere except near Inktomi), the parameter f = (1 + µ L )/ f CBE represents the amount of scattering. As discussed in Section 5.3.2, f should theoretically lie between 0.5 and 2, and more likely be > 1 since the derived very low ε ′ r points to a highly depolarizing subsurface and therefore to a linear polarization ratio µ L close to 1. Instead, we find f = 0.21-0.42 for a bolometric Bond albedo of A B = 0.72, and f = 0.39-0.60 for A B = 0.42. For µ L = 1 and A B = 0.55, this would imply a coherent backscattering factor f CBE = 3.6 -6 while this latter parameter should remain below the theoretical value of 2 [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF]. This further means that the coherent backscattering effect is not sufficient to explain the radar backscatter recorded on Rhea. This result is consistent with the analysis of the disk-integrated radar albedo measured by the Cassini radar in the Saturnian inner system (Chapter 3 and Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. It suggests that some exotic scattering processes are at play in the subsurface of Rhea (as well as on Saturn's other moons including in some regions on Titan, [START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF], likely triggered by the presence of structures of centimetric size (i.e., of the order of the wavelength; [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF]) very efficient at returning the radar waves in the backscattering direction.

The thermal inertia values derived from the Cassini microwave radiometry dataset also provide insights into the state of the regolith, especially by comparison to values inferred from measurements in the infrared which are sensitive to shallower depths (a few millimeters against few meters). The thermal inertias we derive on Rhea at 2.2 cm (best fits around 50 -300 MKS, Table 6.1) are higher than those measured in the infrared (1 -50 MKS;[START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF][START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF], implying compaction of the medium with depth, as also found on Iapetus by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. Yet these thermal inertia values remain low compared to the bulk thermal inertia of water ice (2000 MKS). Low thermal inertias have been measured at infrared and millimeter wavelengths on outer Solar System bodies, including Jupiter's satellites (I = 50 -70 MKS, [START_REF] Spencer | Temperatures on Europa from Galileo Photopolarimeter-Radiometer: Nighttime Thermal Anomalies[END_REF]), Saturn's icy satellites (I = 1.5 -70 MKS, [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF], and trans-Neptunian objects (I = 0.1 -10 MKS, [START_REF] Lellouch | TNOs are Cool": A survey of the trans-Neptunian region -IX. Thermal properties of Kuiper belt objects and Centaurs from combined Herschel and Spitzer observations[END_REF]. These values have been generally interpreted as primarily caused by high porosities in the top few mm-cm of the surface, though several studies showed a dependence on grain size, grain arrangement, the presence of amorphous water ice, and temperature (if heat transfer by radiation is important) (e.g., [START_REF] Gundlach | A new method to determine the grain size of planetary regolith[END_REF][START_REF] Ferrari | Low thermal inertias of icy planetary surfaces -Evidence for amorphous ice?[END_REF]. Amorphous water ice has a lower bulk thermal inertia (dependent on temperature) and a lower thermal conductivity than crystalline water ice. Based on the heliocentric distance variation of the thermal inertia in outer Solar System objects, [START_REF] Ferrari | Low thermal inertias of icy planetary surfaces -Evidence for amorphous ice?[END_REF] favor the presence of amorphous ice at cm depths, under a thin crystalline coating, both for Mimas and TNOs. VIMS data indicate the coexistence of amorphous and crystalline ice on Rhea's surface [START_REF] Dalle Ore | Impact craters: An ice study on Rhea[END_REF]. Thus our observations are in general agreement with the interpretations of [START_REF] Ferrari | Low thermal inertias of icy planetary surfaces -Evidence for amorphous ice?[END_REF], additionally pointing to an increase of thermal inertia with depth, consistent with decreasing porosity and/or amorphous ice fraction with depth.

South pole

Because the South pole was observed at different seasons, the thermal inertia I and skin depth ratio r are well determined, while also providing an excellent fit (χ 2 r,min ∼ 1). For a bolometric Bond albedo of A B = 0.72 [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF], when Inktomi is masked, we find a thermal inertia of I = 209 +662 -140 MKS, an electrical skin depth of δ el = 7.9 +4.0 -4.1 m (i.e., 4 -12 m), and a dielectric constant of ε ′ r = 1.2 +0.15 -0.11 . These values can be compared to the ones found by [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF]: assuming that both poles share the same thermal properties and combining CIRS northern winter and southern summer observations, they inferred a bolometric Bond albedo A B = 0.70 -0.74 and a thermal inertia I = 1 -46 MKS. They interpreted these low thermal inertias as indicative of a meter-deep unconsolidated regolith at Rhea's poles. The larger thermal inertias derived from Cassini radiometry imply a gradient in thermal inertia with depth: while the upper tens of cm of the polar surface may be a very fluffy, snow-like medium, at meter depths the subsurface is more compacted. Specifically, the thermal inertia may increase from I ∼ 25 MKS in the first meter to I ∼ 210 MKS at 5 -10 m depths.

The real part of the permittivity, ε ′ r , depends primarily on the structure of the subsurface, whereas the imaginary part ε ′′ r is very sensitive to the amount of non-icy contaminants and can thus offer constraints on the composition. To deduce the plausible volume fraction of contaminants, we assume a ternary mixture composed of water ice, vacuum, and tholins, which are a possible relatively low-loss component of the optically dark material seen on Rhea's leading and trailing hemisphere [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF]. We use the bulk permittivity values measured by [START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF]: ε ′ r,tholin = 2.33 + j20.6 × 10 -3 and ε ′ r,water ice = 3.13 + j1.3 × 10 -3 . The Hashin-Shtrikman bounds, derived from the Maxwell-Garnett mixing laws, allow us to constrain the volume fraction of each constituent [START_REF] Hashin | A Variational Approach to the Theory of the Effective Magnetic Permeability of Multiphase Materials[END_REF][START_REF] Sihvola | Mixing Rules with Complex Dielectric Coefficients[END_REF]. Since we assumed only losses through absorption when deriving the loss tangent and it is known that scattering is important on Rhea, only a maximal volume fraction of tholins can be obtained, with the actual value likely being significantly smaller. The loss tangent is inversely proportional to the electrical skin depth (Eq. 5.21), itself equal to the product of the ratio and the diurnal thermal skin depth, which is inversely proportional to (1p), where p is the medium's porosity (Eq. 5.11). The ternary diagram was therefore made for several porosities, two of which are illustrated in Fig. 6.16.

The compositional constraints inferred from the imaginary part of the permittivity at the South pole are shown in the ternary diagram of Fig. 6.16. The low loss tangent indicates that the average porosity over the probed depths is necessarily >10%. We also find that tholin compounds can only be present in small quantities (<10%) at the South pole. While ferrous oxides or silicates are also candidate components for this dark material, their loss tangent is at least two orders of magnitude higher than that of tholins, implying that they can only be present in even smaller quantities.

Equatorial vs polar regions

The interpretation of the radiometry dataset collected in Rhea's equatorial regions suffers from several limitations: i) all data were collected during the local night, ii) while some data were acquired 5 years apart, seasonal temperature variations are small near the equator, iii) the equatorial region is not homogeneous: the residuals shown in Fig. 6.12 reveal cold and warm spots, at the +/-2 K level, that the model is unable to explain, even after masking or mapping the IEBR. These are the reasons why the fits obtained at the Equator (χ 2 r,min > 1.7) are never as good as those obtained in the South pole (χ 2 r,min ∼ 1), and are associated with large error bars (Table 6.1, Fig. 6.10).

Nevertheless, it appears that the equatorial regions tend to have lower thermal inertias (and correspondingly higher skin depth ratios, keeping the electrical skin depth of the same order) than the South Polar region (Table 6.1, Fig. 6.10). This could indicate higher equatorial porosities, larger Figure 6.16 -Ternary diagram showing the compositional constraints for Rhea's near-subsurface, assuming that it consists in porous water ice with tholin inclusions. The maximum values for ε ′′ r include the effect of the albedo range (A B = 0.42-0.72). The imaginary component of the permittivity is calculated assuming a) 10% and b) 50% porosity. The region corresponding to acceptable values of the imaginary components of the permittivity is shaded in green for the equatorial regions and in blue for the South pole region. To help read this diagram, an example composition is shown in red, corresponding to a mixture of 20% vacuum, 30% tholins, and 50% water ice. amounts of amorphous water ice, larger grain sizes, and/or looser contacts between grains [START_REF] Ferrari | Low thermal inertias of icy planetary surfaces -Evidence for amorphous ice?[END_REF] near the Equator. Most of these explanations could result from the enhanced intensity of impact gardening at low latitudes.

The real part of the dielectric constant, while still low (1.20 -1.50 including 2-σ error bars), tends to be larger at the Equator than at the South pole (1.08 -1.30), which can be explained by a smaller porosity, a larger concentration of scattering and depolarizing structures in the subsurface, or more contamination by non-ice compounds at low latitudes. In addition, the resolved scatterometry data do not show any significant increase in scattering near the South pole which argues in favor of more contamination by impurities in the Equatorial region. Such impurities may have been introduced by impact gardening. Unfortunately, the loss tangent cannot provide complementary information on the relative polar and equatorial impurity content, as no lower bounds can be constrained. Another explanation for the decrease in dielectric constant with increasing latitude would be the deposition of CO 2 frost at the poles as suggested by [START_REF] Teolis | Dione and Rhea seasonal exospheres revealed by Cassini CAPS and INMS[END_REF] (CO 2 has a lower dielectric constant than water ice; [START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF].

Sub-Saturn anomaly

On Rhea, two distant scans centered on the sub-Saturn side have been acquired: RH018 (November 2005) and RH049 (August 2007). These data can be compared to the observations in other regions of Rhea, including 3 southern high-latitude flybys and 2 anti-Saturn flybys. The disk-integrated emissivities from the two sub-Saturn flybys are larger than for the rest of Rhea, with all other parameters equal (Section 6. 1.4 and Fig. 6.8). The emissivity map derived assuming a constant albedo (Fig. 6.14) also shows a locally high emissivity on the sub-Saturn side, especially at high northern latitudes. Indeed, if the albedo is kept constant at A B = 0.55, the sub-Saturn side has a slightly higher emissivity (0.70 vs 0.67 with an error bar of about 0.01) than the anti-Saturn side (Table 6.1), especially in the northern mid-latitudes (Fig. 6.14). Finally, fitting all the data at once leaves a 1-3 K residual on the sub-Saturn side (Fig. 6.12). These different representations of the same dataset therefore all show that the simulated antenna temperatures are unable to reproduce the high observed sub-Saturn temperatures. Yet, no albedo, compositional, or thermal inertia anomaly has been detected at this location at other wavelengths (e.g., [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn II: Identification of terrain units on Rhea[END_REF][START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF]. A possible explanation is that the trailing hemisphere terrain is affecting the sub-Saturn side; indeed, one of the two sub-Saturn observations is centered at 15 • E, i.e., within the optically dark trailing region, whereas all of the anti-Saturn observations are centered between -136 • E and -167 • E, i.e., within the optically brighter leading hemisphere. Assuming that e varies with bolometric Bond albedo A B as (1 -A B ) -1/4 , we find that, in order to have the same emissivity on both sides, the albedos of the sub-Saturn/trailing and of the anti-Saturn/leading must be, respectively, 0.55 and 0.62, or 0.46 and 0.55, depending upon which side is imposed an albedo of 0.55. This albedo contrast is of the same order as those measured between the trailing and leading by Howett et al. (2010) (0.57 +0.20 -0.26 and 0.63 +0.11 -0.12 ) and by [START_REF] Pitman | Disk-integrated bolometric Bond albedos and rotational light curves of saturnian satellites from Cassini Visual and Infrared Mapping Spectrometer[END_REF] (0.42 ± 0.10 and 0.55 ± 0.08).

Nevertheless, it remains puzzling that, in the emissivity map derived from dividing Rhea into 45 • latitude/longitude regions and in the residual maps, the positive emissivity anomaly is on the sub-Saturn side, and not strictly on the trailing side. The very strong sub-Saturn anomaly found on Dione (see Section 6.3) has led us to consider an alternate hypothesis: Saturn itself might be heating the sub-Saturn side. Indeed, the effects of both the thermal IR flux from Saturn and the visible flux reflected by Saturn were assumed negligible in the thermal model (Section 5.1.1), even though they contribute a yearly average of almost 3% of the total absorbed flux at the sub-Saturn point. It is therefore conceivable that we are detecting a local increase in temperature at the sub-Saturn side due to these additional incident fluxes from Saturn.

The absorbed fluxes, including those from Saturn, are shown in Fig. 6.17 for three days around the RH018 sub-Saturn side observation. The thermal infrared emission from Saturn, while it is small, is constantly reaching the same regions. The visible flux reflected off Saturn, meanwhile, is only active during the local night of the sub-Saturn side, when Saturn is illuminated. Thus, Saturn's contribution is particularly significant for night-time observations, which is the time at which all radiometry scans of Rhea were undergone. Similarly, high winter latitudes receive little to no flux from the Sun, whereas they are affected by Saturnshine and Saturn thermal emission. This would explain why during the RH018 and RH049 observations, the northern hemisphere, which is in winter, displays high residuals (Fig. 6.12): Saturn contributes a larger fraction of the total incident flux in this region.

To test this hypothesis, Saturn's contribution to the flux has been included in the thermal model, and simulated temperatures were re-computed. The resulting temperature profile during the RH018 flyby is shown in Fig. 6.18 for three different latitudes and two values of the thermal inertia (I = 10 and 1000 MKS). Because this is a night-time observation, the surface temperature is low, and a small peak occurs at the diurnal skin depth, as discussed in Section 5.1.4. More complex temperature variations occur at depth, caused by temporal changes in flux due primarily to seasons and variations in the solar distance (see Section 5.1.1). The added contribution of Saturn to the temperature is inversely correlated to the subsurface temperature, due to the way temperature is derived non-linearly from absorbed flux, from the heat equation and assuming radiative equilibrium at the surface (see Section 5.1.2). As a consequence, the winter hemisphere (Northern, in this case) should be heated more than the summer hemisphere by incident fluxes from Saturn.

All fits on Rhea have been re-calculated while including Saturn's contribution to the flux. The quality of the fits is slightly improved (minimum χ 2 values are lower by about 0.1), while all results remain substantially the same. Only the values of the scattering factor f and the emissivity e on the sub-Saturn side are changed, but remain within uncertainty of the values given in Table 6.2. The residuals of the global fit are decreased by at most ∼ 0.5 K on the sub-Saturn side, which goes in the right direction but is insufficient to fully account for the 1-3 K sub-Saturn hot spot (Fig. 6.12). This is also apparent in the emissivity map, which has been updated while correctly modeling Saturn's flux, as shown in Fig. 6.19: the emissivity of the sub-Saturn side is decreased, but remains present. Thus, Saturn's contribution to the flux is noticeable, but is too small to account for the anomaly detected at the sub-Saturn side.

Inktomi crater

Based on the CIRS instrument, which probes the top millimeters of the surface, [START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF] detected a locally higher thermal inertia in the IEBR (∼19 MKS instead of the ∼10 MKS equatorial thermal inertia), but no local variation in albedo. The authors attributed this detection to either larger grain sizes, or large blocks of icy ejecta among a small grain-sized surface. VIMS spectra of Inktomi and its surroundings similarly suggest larger grain sizes nearer to Inktomi, while the rest of Rhea's leading hemisphere is covered by a processed, fine-grained regolith [START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF]. VIMS spectra also indicate a lower amorphous to crystalline ice ratio near recent craters, especially Inktomi [START_REF] Dalle Ore | Impact craters: An ice study on Rhea[END_REF], which would increase the thermal inertia in agreement with CIRS results.

While there is too little spatial and temporal coverage to derive parameters from the IEBR alone, the emissivity map clearly shows a low emissivity/high albedo anomaly in the IEBR (Fig. 6.14). This feature is actually already visible in the deconvolved data prior to any modeling (Fig. 4.6). In addition, we find that masking and including the IEBR lead to the same derived thermal and dielectric parameters for all regions (Table 6.1 and Fig. 6.10), implying that the IEBR does not have any highly unusual (beyond the error bars) thermal or dielectric properties at the depths sensed by the radiometer (6 -13 m). However, small amplitude (within the error bars) and/or localized (e.g., only very close to the crater) thermal and permittivity anomalies remain possible. Using the same relationship between emissivity and albedo as above (e ∝ (1-A B ) -1/4 ), we find that the emissivity over the IEBR (Fig. 6.14) would be the same as over its surroundings if it had an albedo ∼ 0.08 higher, which is within the range of albedo variations on Rhea. Nonetheless, the high radar brightness measured during the scatterometry experiment (Fig. 3.11) strongly suggests that the IEBR, at metric depths, is associated with a strong emissivity anomaly. Both the thermal inertia and the albedo may be different in this region, conceivably contributing to the behavior shown in Fig. 6.14, but the high scattering properties of the IEBR provide a more natural explanation to its apparently low radiometric emissivity.

Even assuming that the IEBR anomaly is only caused by a locally lower emissivity, the precise magnitude of this emissivity anomaly cannot be measured, as both radiometry and scatterometry have footprint sizes larger than the crater ejecta, and the emissivity difference decreases with distance to its center. An estimate can nonetheless be obtained as follows. Averaged over a 45 • region, the emissivity is about 6% lower in the IEBR (Fig. 6.14). The better resolved scatterometry map (Fig. 3.11) shows a peak increase in the backscatter of 37% at Inktomi compared to its surroundings, which would lead to a 20% peak decrease in emissivity (e = 1 -Rf × σ 0 from Eq. 5.15). Such high scattering, as well as the very high radar albedo of the IEBR (2.13 ± 0.06; Fig. 3.8) would be explained by the presence of subsurface structures back-scattering the signal to the Cassini spacecraft, more than in the rest of Rhea (see Section 2.5). Both a high 2.2-cm radar brightness and a low emissivity are likely caused by wavelength-scale inhomogeneities, such as multiple fractures in the ice blocks forming the ejecta, or large pores or grain sizes (∼a few cm).

Summary and conclusion

The thermal inertia values obtained from Cassini radiometry are generally higher (> 69 MKS on the South pole, best fitting values of 50-300 MKS everywhere) than those inferred from IR measurements (1 -46 MKS;[START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF][START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF], indicating an increasing degree of compaction in the regolith with depth. At the South pole, where it is better determined, the low loss tangent (< 1 × 10 -3 ) indicates at most 10% of contaminants and > 10% porosity averaged over the top 5 -10 m. Very high backscatter is measured on Rhea during the resolved scatterometry observation, yielding high radar albedos of ∼ 1.7, consistent with those found from distant disk-integrated observations by Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF], using the same instrument. Rhea's inferred emissivities (e = 0.65-0.70 for A B = 0.55) seem to be not small enough to correspond to such high backscatter when invoking common random scattering mechanisms, suggesting more exotic backscattering processes associated to subsurface structures (see Chapter 3 and Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF].

Regional variations suggest higher thermal inertias and smaller dielectric constants at the South pole, while there does not seem to be a significant difference in scattering properties between the high southern latitudes and the Equator. Our best interpretation is that exogenous processes such as (micro)meteoroid impacts, incoming dust from the E-ring and Phoebe ring, and electron and ionized particle impacts, which preferentially affect lower latitudes, are introducing small amounts of material with a slightly higher dielectric constant than porous water ice while also loosening the structure of the subsurface (hence a lower thermal inertia). The radiometry and scatterometry data have also shown that the Inktomi crater ejecta blanket is a low-emissivity and high-backscatter region, but these data are too limited in resolution and local time sampling to detect a thermal inertia or dielectric constant anomaly. It could be that increased scattering in the subsurface of this region is caused by numerous and organized cm-scale inhomogeneities and/or a very high density of randomly oriented fractures in the ice blocks of the ejecta blanket, consistent with the interpretations of VIMS and CIRS data [START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF][START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF]. High water ice purity near Inktomi (observed by VIMS: [START_REF] Stephan | The Saturnian satellite Rhea as seen by Cassini VIMS[END_REF][START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn II: Identification of terrain units on Rhea[END_REF] would also increase the probed depth, and thus increase the number of opportunities for the signal to be scattered, leading to lower emissivity and higher radar brightness. As over the rest of Rhea, it is unclear which subsurface structures and organization would lead to sufficiently strong backscatter while keeping the emissivity high.

Preliminary results for Dione

As detailed in Section 1.5.2, Dione, though smaller and closer to Saturn than Rhea, presents many similarities with it, including a leading/trailing dichotomy, fractured "wispy" terrain across the trailing hemisphere, and a young crater (Creusa) analogous to Inktomi crater. Cassini radar and radiometry data suggest that Dione and/or Rhea break the trend of decreasing radar albedo and increasing brightness temperature with distance to Enceladus (Chapters 3 and4; especially Figs. 3.6 and4.5). Dione's near-subsurface is especially interesting to compare to Rhea's, as they should both be affected by similar processes but to different degrees (e.g., more incoming E-ring material and more high-energy electron impacts on Dione than on Rhea). After the detailed study of Rhea's subsurface from Cassini radiometry, I therefore began a preliminary analysis of the Dione's subsurface.

Radiometry scans were only acquired during 4 Dione flybys, two of which (DI016 and DI177) were unresolved. As shown in Fig. 6.6, only the sub-Saturn side was observed at more than one instance. Given the small dataset, its coarse resolution, and its poor temporal sampling, the subsurface properties of Dione cannot be as well constrained as those of Rhea. Nonetheless, this preliminary study already suggests new results, including the notable contribution of Saturn's heating to the incoming flux and the lack of a leading/trailing dichotomy, encouraging future work.

Method

Unlike Rhea, Dione's bolometric Bond albedo has been partially mapped (Section 5. 1.3 and Blackburn et al., 2012) and is included in the model. The emissivities derived below for Dione are therefore independent from albedo variations. We apply the method described in Section 5.4.3 to derive the parameter f within 45 × 45 • latitude and longitude bins. As explained in Section 5.3.3, because there is only partial scatterometry coverage and the pointing offset is uncertain, we assume a uniform σ 0 map = (σ 0 (θ, φ))/(2ncos n θ eff ) = 0.529 (the average value on Dione) when calculating f . The backscatter is not actually uniform but exhibits a leading/trailing dichotomy: we therefore expect the derived emissivity map to also feature this dichotomy.

The fits of simulated antenna temperatures to the observations have also been conducted assuming a uniform emissivity. As shown in Table 4.1 and mentioned in Section 6.1.4, the sub-Saturn side has been observed both before and after the vernal equinox, at different local times. Furthermore, the preliminary analysis presented in Section 6.1.4 shows an anomaly on the sub-Saturn side of Dione. We therefore apply the fitting method i) to all data then separately ii) to the sub-Saturn region (defined as the 0 • E sub-Saturn point ±45 • in longitude) and iii) to the rest of Dione (excluding 0 ± 70 • E). The transition region (±45 -70 • E), which features rapid temperature changes with longitude, is not fitted. There is too little coverage and temporal sampling on regions of Dione other than the sub-Saturn for accurate determination of their thermal and structural parameters.

Results

The results obtained from fitting the modeled antenna temperatures to the data in all three regions (all of Dione, sub-Saturn region, and all of Dione except the sub-Saturn region) are given in Table 6.3, and the 2-σ confidence regions in (I,r) space are illustrated in Fig. 6.21. The residuals from fitting all the data assuming a uniform and then a variable emissivity are shown in Fig. 6.20 a) & b); the resulting emissivity map is shown in Fig. 6.22. For comparison, the residuals from the fit using only sub-Saturn data, and using all except the sub-Saturn data are shown in Fig. 6.20c) & d. Table 6.3 -Best-fit parameters and associated 2-σ error bars in different regions of Dione. When the error bars reach the boundaries of the range of tested values for the thermal inertia (10 < I < 1000) or the ratio (0.01 < r < 1000), the actual error bars cannot be known, and MIN or MAX are indicated instead. As in Table 6.2, the skin depths and loss tangents were calculated assuming zero porosity. The uncertainties on the parameters derived from thermal inertia and ratio are calculated for the minimum and/or maximum values of I and r, but may actually be larger. Note that the fits are considerably less good for Dione than for Rhea (Table 6.2), and the parameters are less well constrained. 1.56 0.9 +9.3 -0.4 0.5 +5.9 -0.3 < 2.9 b sub-Saturn 180 • E±110 • a For the global fit, we calculate the factor f separately in bins of 45 by 45 • before fitting all data jointly. The value given here is the global average. b The upper bound for tan δ was calculated from the electrical skin depth, itself computed from the ratio assuming a thermal inertia of 10 MKS. c The values given herein were calculated for a bulk density of ρ 0 = 992kg/m 3 . The correct value for crystalline water ice is ρ 0 = 918kg/m 3 , leading to an 8% underestimation of depths, and overestimation of tan δ. 6.3 for the other parameters) for each of the 3 regions where the fitting method was applied on Dione. The minimum reduced χ 2 r value (χ 2 r,min ) is indicated for each fit.

The residual brightness temperature varies very quickly with distance to the sub-Saturn point. Consequently, the fit in this fairly small region is poor (χ 2 r > 3.6), even though this region is the only part of Dione observed twice by the Cassini radiometer, at different seasons and local times. Similarly, dividing f into 45 • latitude and longitude bins does not yield a perfect fit, as large variations in the residual remain (Fig. 6.20c). The most reliable parameter constraints on Dione should therefore be obtained when fitting all data except the sub-Saturn side. This leaves us with flybys DI050 (8 PM in September 2007) and DI177 (7 AM in December 2012), as well as part of the resolved DI163 flyby (9 PM in March 2012). Primarily because of the small number of observations and the insufficient temporal sampling, the parameters are not as well constrained as on Rhea. Moreover, the fit is poor (χ 2 r > 3.0), even without including the sub-Saturn side. The model simplifications (see Chapter 5.4.6), necessary to avoid excessive degeneracy between parameters, may not be applicable to Dione. In particular, it is likely that the thermal, structural, and compositional properties of Dione vary both regionally and with depth. However, both independent datasets (sub-Saturn and all except sub-Saturn) give similar ranges for all parameters except e and f (Fig. 6.21 and Table 6.3). This consistency lends some confidence to these preliminary results in spite of the poor quality of the fits.

The emissivity derived ranges from 0.78 +0.04 -0.03 on most of Dione, to 0.87 +0.03 -0.03 on the sub-Saturn side. While these values are consistent with the results discussed in Section 6.1.4, they are much larger than the emissivity of 0.65 found by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] using only one flyby (DI016). The low emissivities they derived are most likely due i) to the low disk-integrated brightness temperature they found (50.8 K whereas we find T disk B = 55.6 ± 0.7 K for the same flyby; see Table 4.1) and ii) to the equilibrium temperature model they used: T eq = 91.4(1 -A B ) 1/4 , with a bolometric Bond albedo A B = 0.45, whereas [START_REF] Blackburn | Exploring the Impact of Thermal Segregation on Dione Through a Bolometric Bond Albedo Map[END_REF] find a bolometric Bond albedo above 0.6 over most of Dione (see Fig. 5.3).

As already seen in the disk-integrated emissivity values (Section 6.1.4), the sub-Saturn side features a higher emissivity than the rest of Dione. This is apparent both in the regional fits whose results are shown in Table 6.3 and in the emissivity map of Fig. 6.20d. If the emissivity is assumed uniform over all Dione, then a residual of up to +3 K is found on the sub-Saturn side leading to a very poor fit (Fig. 6.20a). The sub-Saturn hot spot also displays latitudinal asymmetry: it is very significant at southern high latitudes, but seems to disappear at northern high latitudes (Fig. 6.20). The sub-Saturn results are further discussed below. Figure 6.22 -Dione emissivity map, using all available data, corresponding to the residual shown in Fig. 6.20. The emissivity is assumed constant in every 45×45 • latitude/longitude bin. There is no data available in the white regions. Note that the high emissivity at -135 to -90 • E and -45 to 0 • N is most likely caused by the poor fit of flyby DI163, causing underestimated daytime temperatures; it is unlikely to be an emissivity anomaly. High emissivities are linked to the high positive residuals found in Fig. 6.20. The emissivity map is shown both (a) without and (b) with Saturn's contribution to the incoming flux accounted for.

Preliminary interpretations

Comparison with Rhea

The fit on all Dione data except that in the sub-Saturn region, though far from perfect (χ 2 r > 3.0) leads to the most reliable parameter constraints, which we propose to compare to Rhea's subsurface properties (Table 6.2).

The thermal inertia is in average lower on Dione than on Rhea, although both values are consistent within error. Meanwhile, the value of the skin depth ratio r on Dione (r Dione > 229) is at least twice as large as on Rhea (best fitting ratios around 70 -130 for most regions). These low thermal inertias (leading to low diurnal skin depths) and high ratios combine to yield very similar electrical skin depth on both satellites (δ el,Dione = 3.5 +66.9 -2.4 and δ el,Rhea is of the order of 5 -15 meters). These electrical skin depths, which give a maximal value of the loss tangent of the same order (< 2.9 × 10 -3 on Dione; < 0.6 -4.7 × 10 -3 on Rhea, depending on bolometric Bond albedo), point to low contamination by non-icy impurities on both satellites. Nonetheless, the large uncertainties associated to the subsurface parameters allow for differences in the degree of purity of water ice on these two satellites. Such a difference is supported by Dione's lower radar brightness (A disk SL-2 = 1.65 ± 0.29, versus A disk SL-2 = 1.88 ± 0.38 for Rhea; Section 3.3 and Le [START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF] and higher emissivities (e = 0.78 +0.04 -0.03 , versus e = 0.62 to 0.76 for A B = 0.55 for all regions of Rhea), following the anticorrelation between radar albedo and emissivity expected from Kirchhoff's law of thermal radiation. Possible explanations for the lower radar brightness of Dione have already been discussed in Section 3.4.2.

Both the dielectric constant and the scattering factor f are very similar on Dione (ε ′ r = 1.16 +0.16 -0.12 ; f = 0.41 +0.07 -0.07 ) and on Rhea (ε ′ r = 1.07 to 1.5 and f = 0.21 to 0.60 for A B = 0.42 to 0.72 and for all regions of Rhea). The conclusions drawn for the structure of Rhea's near subsurface are therefore also valid for Dione's: it likely consists in an unpolarized, porous regolith with numerous scattering structures. As on Rhea, the coherent backscattering effect and high radar albedo would predict lower emissivities than observed. 

Leading vs trailing hemispheres

We expected a clear leading/ trailing dichotomy in the emissivities, as in the radar backscatter (Fig. 3.12), with a high-emissivity trailing side. No such pattern is found in the emissivity map (Fig. 6.20d), nor in the residuals of the fit without the abnormal sub-Saturn side (Fig. 6.20b). If anything, the trailing hemisphere appears to have a lower emissivity than the leading hemisphere, as apparent in Fig. 6.22. However, a small change in the antenna pointing offset of the DI163 sub-Saturn flyby is enough to change this pattern significantly. Due to the uncertainty in the pointing offset, the scarcity of data on Dione, and the presence of a sub-Saturn anomaly, we can not conclude on the existence of an emissivity difference between the leading and trailing sides. Nevertheless, the absence of any trailing hemisphere increase in temperature in flyby DI050 (including in the deconvolved image shown in Fig. 4.6) indicates that such a dichotomy, if it exists, must be of low amplitude.

The hemispheric backscatter dichotomy may be due to i) a centimeter-thick layer of optically dark and 2.2-cm absorbing material on the trailing hemisphere decreasing the backscatter and/or ii) a centimeter-thick layer of E-ring icy, scattering material on the leading hemisphere increasing the backscatter. As discussed in Section 3.4.2, current models predict a very thin layer of E-ring particles on both Rhea and Dione (of the order of millimeters). The trailing hemisphere dark material, whose identity and origin is unknown, is also unlikely to be very thick (e.g., Hendrix et al., 2018; see Section 1.7). If further analysis of the Cassini 2.2 cm radiometry can confirm that the trailing side of Dione is either less emissive than or similar to its leading side, then both of these layers must be less than tens of centimeters thick. Indeed, the Cassini radiometer measured the one-way signal emitted by the subsurface, whereas the radar signal had to travel both ways through the subsurface: the radiometer thus probed about twice as deep as the radar. On Enceladus, the longer depths probed by the radiometer led to the detection of a buried anomaly on the leading side [START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF], whereas on Dione it might be able to probe a uniform subsurface underneath a heterogeneous superficial layer.

Preliminary results for Iapetus

Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] performed an in-depth analysis of the resolved radiometry data gathered during flyby IA049-3, and also included a disk-integrated analysis of the emissivities of other Iapetus radiometry observations. However, a joint fit to successive observations of the same regions has never been undergone on Iapetus. In this section, a preliminary application to Iapetus of the same method used above on Rhea and Dione is presented.

Although Iapetus is almost the same size as Rhea, its history has followed a very different path (Section 1.4.2). Even if its density points to an icy interior, the leading hemisphere of Iapetus is covered by an optically dark, non-icy material, most likely originating from the Phoebe ring [START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF]. We therefore expect different subsurface properties on Iapetus than on Rhea.

Method

The resolved IA049-3 scan is not used in this analysis. Indeed, its high resolution (beamsize <0.1 Iapetus diameter) reveals important small-scale heterogeneity, which requires an emissivity model for an accurate fit. Such a model has already been applied to the IA049-3 scan by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], including information from concurrent scatterometry. Instead of re-analyzing the same data, we propose for this preliminary analysis to examine the other, independent observations. Nonetheless, re-calibration and analysis of the resolved Iapetus scatterometry and radiometry, including an adjustment of the pointing offset, would be very useful and should be conducted in future work.

As for Dione, the bolometric Bond albedo map of Iapetus [START_REF] Blackburn | A bolometric Bond albedo map of Iapetus: Observations from Cassini VIMS and ISS and Voyager ISS[END_REF] has been included in the thermal model, and the emissivity map derived by dividing f in 30 × 30 • regions is free from albedo variations. As detailed in Section 5.3.3, we assume that σ 0 (θ, φ)/(2ncos n θ eff ) = 0.1 is uniform, although it corresponds to the value found in Cassini Regio. Thus, the values of f = (1 + µ L )/ f CBE should only be valid in the leading hemisphere, and be overestimated elsewhere.

The 4 flybys of Iapetus (listed in Table 4.1) include repeated observations of both the leading and trailing hemispheres, allowing us to fit both of these regions separately, by mapping Cassini Regio and calculating its contribution to the measured signal, as detailed in Section 5.4.5. Four scans (IA00B_2u, IA00C_2u, IA00C_3u, and IA017_2u) have been centered near 40 • N, and therefore imaged the North polar region, as seen in Fig 4 .6. However, the relatively low resolution (beam size of 0.7 to 1.8 Iapetus diameters) and low sub-spacecraft latitude mean that no observation was obtained at high latitudes exclusively: instead, all polar observations include a mixture of polar terrain and leading or trailing hemisphere terrain. Thus, in spite of the data near the North pole, we cannot derive its properties independently from those of other regions.

To summarize, the fitting method is applied i) to all equatorial data, without any emissivity model, ii) to all equatorial data, deriving f and the emissivity e in 30 × 30 • regions, iii) to the leading hemisphere terrain, i.e., data with >70% contribution from Cassini Regio, and iv) to the trailing hemisphere terrain, i.e., data with <30% contribution from Cassini Regio.

Results

The best-fitting parameters found within each region, and the skin depths, emissivity, and loss tangent derived, are provided in Table 6.4. The residuals found from each fit are shown in Fig. 6.26, and the 2-σ confidence regions in (I,r) space are illustrated in Fig. 6.25. Assuming uniform emissivity (Fig. 6.26a) leads to a catastrophically bad fit (χ 2 r > 47.8), with a strong positive residual on the leading side and a negative residual on the trailing side. Allowing the emissivity to vary in 30×30 • regions greatly improves the situation, with a minimum χ 2 r of 1.71.

The resulting emissivity map, shown in Fig. 6.27, exposes a very strong leading/trailing dichotomy. From this map, the average leading and trailing hemisphere emissivities are, respectively, e LH = 0.87 +0.05 -0.02 and e TH = 0.74 +0.04 -0.02 , where the uncertainties are the average of the leading and trailing hemisphere minimum and maximum emissivity values allowed within the 2-σ confidence region. These values are very close to those derived by [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] and in Section 6.1.2, with finer constraints.

However, problems arise once the bright and dark terrains are separated. Indeed, the fit on the trailing hemisphere is not as good as one might hope (χ 2 r > 2.3), and the parameters, especially the thermal inertia, are poorly constrained (Table 6.4 and Fig. 6.25). The residuals, of the order of ±1 K, are the highest near the equator (Fig. 6.26c), pointing to warmer equatorial regions than modeled.

Within Cassini Regio on the leading side, the problems are different: the fit is "too good", with a minimum χ 2 r value of 0.72. Such a low χ 2 r can be the consequence of either over-estimated error bars, or insufficient constraints from the data. In the first case, the solution is to adjust the uncertainties such that χ 2 r,min = 1, thus obtaining the uncertainties presented in Table 6.4 and Fig . 6.25c. However, most derived values of the emissivity e within the 2-σ confidence region are above unity, which is not physical. We therefore favor the second hypothesis: that the data are insufficient to accurately Table 6.4 -Best-fit parameters and associated 2-σ error bars in different regions of Iapetus. When the error bars reach the boundaries of the range of tested values for the thermal inertia (10 < I < 1000) or the ratio (0.01 < r < 1000), the actual error bars cannot be known, and MIN or MAX are indicated instead. As in Table 6.2, the skin depths and loss tangents were calculated assuming zero porosity. The uncertainties on the parameters derived from thermal inertia and ratio are calculated for the minimum and/or maximum values of I and r, but may actually be larger if the parameter space is not wide enough. f is calculated assuming that σ 0 /(2n cos n θ eff ) = 0.1, the average value in Cassini Regio: it is therefore only valid in the leading hemisphere.

Region

χ 2 r,min 1.12 +0.24 -0.12 1.96 +1.11 -1.37 4.8 6.4 for the other parameters) for each of the 3 regions where the fitting method was applied on Iapetus. The minimum χ 2 r value (χ 2 r,min ) is indicated for each fit. Before mapping these ellipses, the uncertainties on the data are adjusted such that the minimum χ 2 r value is equal to unity: this is inaccurate on the leading hemisphere, where the parameters are not well constrained. constrain the model parameters. Indeed, the leading hemisphere was observed on two different dates: December 2004 (14:30 local time) and Septembre 2007 (22:00 local time). The first of these two observations was acquired at a high latitude (40 • N) and a relatively coarse resolution (beam size of 0.7 Iapetus diameters): it therefore does not sample the leading hemisphere independently from the pole. We are thus left with only one observation, insufficient to constrain the model parameters. If we do not adjust the minimum χ 2 r value to 1, then practically the full range of parameters with δ el > 1 m and I > 52 MKS are within the 2-σ confidence region; only the dielectric constant remains constrained within 1.3 and 2.0. Consequently, these are the only constraints that can be reliably derived from the distant leading hemisphere scans alone.
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Preliminary interpretations

The leading/trailing hemisphere dichotomy in emissivity derived from the global equatorial fit confirms the results of Section 6.1.2 and Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. The emissivity values found from fitting the trailing hemisphere alone are less well constrained than in the global fit. On the leading hemisphere fits the best-fitting emissivities are non physical and the best-fitting scattering factor f = (1 + µ l )/ f CBE is below zero, due to insufficiently sampled data. Similarly, the leading hemisphere scattering factor f = (1 + µ l )/ f CBE is mostly below zero. On the trailing side and in the global fit, f is over-estimated, because it was derived using a very low backscattering cross-section only characteristic of Cassini Regio. No new interpretations can therefore be made for the degree of scattering in the subsurface of Iapetus.

Trailing hemisphere

The low-quality fit, poorly constrained parameters, and non-random residuals found on the trailing hemisphere of Iapetus are all consistent with important spatial heterogeneity within the optically bright trailing hemisphere terrain. Although bolometric Bond albedo variations were accounted for in the model, both emissivity and thermal inertia were assumed constant, even though latitudinal variations in subsurface properties are expected. Indeed, the trailing hemisphere equatorial regions receive more incoming Phoebe ring material than the poles (though much less than the leading hemisphere), as witnessed by the global distribution of dark material. Furthermore, water ice is expected to migrate to colder regions, especially the poles of Iapetus, thereby increasing latitudinal heterogeneity [START_REF] Palmer | The stability and transport of carbon dioxide on Iapetus[END_REF][START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF][START_REF] Kimura | Sublimation's impact on temporal change of albedo dichotomy on Iapetus[END_REF]. The trailing hemisphere emissivity values shown in Fig. 6.27 do not show an obvious latitudinal dependence, possibly due to inhomogeneous coverage, large uncertainties, and large region sizes (30 • ).

Leading hemisphere

On the leading hemisphere, an electrical skin depth >1 m and a thermal inertia >52 MKS are very similar to the lower bounds determined for these parameters by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] (Table 6.1), thus showing consistency between independent observations. Finer constraints on these parameters cannot be derived from the distant scans alone.

The effective dielectric constant is higher on the leading side (1.3 < ε ′ r < 2.0) than averaged globally (1.0 < ε ′ r < 1.36) or on only the trailing side (1.0 < ε ′ r < 1.28). VIMS observations have found that CO 2 (ε ′ r = 1.55) ice is more abundant on the leading than trailing hemisphere [START_REF] Buratti | Cassini Visual and Infrared Mapping Spectrometer observations of Iapetus: Detection of CO 2[END_REF], and tholins (ε ′ r = 2.03 -2.33) or other complex hydrocarbons with similarly low ε ′ r are a favored dark material component [START_REF] Cruikshank | Hydrocarbons on Saturn's satellites Iapetus and Phoebe[END_REF][START_REF] Dalle Ore | Infrared spectroscopic characterization of the low-albedo materials on Iapetus[END_REF][START_REF] Cruikshank | Aromatic and aliphatic organic materials on Iapetus: Analysis of Cassini VIMS data[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF].

We recall that the derived values of ε ′ r are a combination of the intrinsic properties of the material, and its degree of depolarization, which is highest for "fluffy", unconsolidated materials. There are thus two possible explanations for the discrepancy between expected and derived leading/trailing differences in dielectric constants. Firstly, materials with higher ε ′ r , such as iron oxides, may be present in large quantities within the Cassini Regio dark material [START_REF] Clark | The surface composition of Iapetus: Mapping results from Cassini VIMS[END_REF]. Secondly, the leading hemisphere's subsurface could be much more compact and less depolarizing than the trailing hemisphere's, enough to invert a dielectric constant difference. This hypothesis is particularly likely given that higher backscatter (Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] and lower emissivities are seen on the trailing hemisphere, indicating important subsurface volume scattering, which is often associated with porous, depolarized media.

Conclusion

We have presented, reduced, and analyzed all available resolved and unresolved Cassini radiometry observations of Saturn's largest icy satellites Rhea, and performed a preliminary analysis of the Cassini radiometry dataset on Dione and Iapetus. With a combination of thermal, radiative transfer, and emissivity models, we have simulated antenna temperatures for each observation.

The Cassini radiometer is found to probe the subsurface down to at least 6 -13 m below the surface of Rhea and likely similar depths on Dione. Overall, the microwave dataset points to a very transparent (and therefore rich in pure water ice) and unpolarized (resulting in efficient multiple/volume scattering) subsurface on both satellites, with an increasingly compacted regolith with depth. As observed on Enceladus (Le [START_REF] Gall | Thermally anomalous features in the subsurface of Enceladus's south polar terrain[END_REF] and in the radar-bright Xanadu region on Titan [START_REF] Janssen | Anomalous radar backscatter from Titan's surface?[END_REF], the emissivities of both Dione and Rhea are not low enough compared to their very high backscatter, when compared to expectations based on the Kirchhof law of thermal radiation and classical models of random subsurafce scattering. In particular, the CBE (e.g., [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF]Black et al., 2001b) predicts insufficient backscatter or much lower emissivities. The presence of (maybe organized) scattering cm-scale structures in the subsurface of Rhea, Dione, and likely Saturn's other inner icy satellites may be at the origin of both the high recorded radar backscattering coefficients and, by depolarizing the signal, of the very low inferred effective dielectric constants (ε ′ r = 1.1 -1.5). The structure of the subsurface remains to be fully investigated, as the nature and formation mechanism of these scattering subsurface structures is as yet unknown.

Subsurface scattering models exist for radar modeling (independent from microwave emission), such as the CBE model developed by [START_REF] Peters | Coherent-backscatter effect: A vector formulation accounting for polarization and absorption effects and small or large scatterers[END_REF] and applied to Galilean satellites by Black et al. (2001b). Microwave emission models of snow on Earth, such as the MEMLS3&a [START_REF] Proksch | MEMLS3&a: Microwave Emission Model of Layered Snowpacks adapted to include backscattering[END_REF] and the SMRT [START_REF] Picard | SMRT: an active-passive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF] may be applicable to snow-like media on Saturn's icy satellites, and should be investigated. Applying these models to outer Solar System surfaces is challenging due to the large number of unconstrained parameters, but can be helpful, as found by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF]. Similarly, numerical models of the interactions between and electromagnetic waves and subsurface inhomogeneities have been developed, including the TEMSI-FD code (Le [START_REF] Gall | An Imaging HF GPR Using Stationary Antennas: Experimental Validation Over the Antarctic Ice Sheet[END_REF]; such models have been applied to radar observations of Titan (Le [START_REF] Gall | Radar-bright channels on Titan[END_REF] and to the preparation of the operation of a ground-penetrating radar on Mars (e.g., [START_REF] Ciarletti | The WISDOM Radar: Unveiling the Subsurface Beneath the ExoMars Rover and Identifying the Best Locations for Drilling[END_REF]. Different subsurface scattering models should therefore be applied to Saturn's icy satellites in order to conciliate the Cassini radar (high backscatter) and radiometry (emissivities not low enough) results.

A preliminary analysis on Dione detected little to no hemispheric dichotomy in the radiometry data, although it seems to be present in the active radar data (Chapter 3). This result, which would point to a likely shallow layer of both leading hemisphere E-ring deposit and trailing hemisphere dark material, must be confirmed by future work. A positive temperature anomaly is found on the sub-Saturn side of both Rhea and Dione, which is only partially accounted for by including Saturn's contribution to incident fluxes.

On Iapetus, preliminary analysis of only distant scans (excluding the resolved scan examined by [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] leads to results consistent with previous work, but poorly constrained. Including the resolved data with the distant scans, using Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]'s Combined Emissivity-Backscatter (CEB) model including a quasi-specular backscattering component, should lead to improved constraints on the leading hemisphere. This analysis would help constrain the dielectric constant, which preliminary results indicate is higher on the leading than trailing side.

The simplifications of the thermal model allow for a small number of parameters, which are well constrained in the case of Rhea, where the most and highest-quality Cassini radiometry data is available. However, our results point toward inhomogeneous properties with depth (at least thermal inertia, and therefore likely porosity and dielectric properties) and regionally (latitudinal and near Inktomi crater). Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] has shown this to be the case for Iapetus also, and it is reasonable to assume that all Saturn's airless icy satellite surfaces include a loose, porous regolith over a more compact subsurface. In consequence, it is necessary to focus on both modeling and observing variations in thermo-physical subsurface properties with depth.

Chapter 7

Radiotelescope observations of Iapetus and Phoebe

Because longer wavelengths probe deeper into the subsurface, observing a surface at a variety of wavelengths can bring to light changes in thermal, compositional, and physical properties with depth. At an orbital radius of 61.1R Saturn , the maximum elongation of Iapetus from Saturn is about 8 to 9 arc minutes: its flux can be separated from the planet's. Furthermore, at 1460 km in diameter, Iapetus is a fairly bright target at millimeter to centimeter wavelengths, making it observable from Earth at multiple microwave frequencies. Using the NIKA2 instrument on the IRAM 30-meter telescope and the VLA, new observations of the leading and trailing sides of Iapetus have been acquired and calibrated. In combination with pre-existing datasets from Cassini and other ground-based telescopes, the newly derived brightness temperatures reveal distinct leading and trailing hemisphere physical properties, with unexpected behaviors at millimeter wavelengths.

The hemispherical dichotomy of Iapetus in the microwaves

As described in Section 4.1, the leading and trailing sides of Iapetus interact differently with their orbital environment and, in particular, with the vast and diffuse ring around Phoebe (hereafter referred to as "Phoebe ring"). Indeed, an optically dark material progressively covers the leading side of Iapetus as it travels through the Phoebe ring [START_REF] Verbiscer | Saturn's largest ring[END_REF], and thermal segregation further enhances the resulting albedo contrast [START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF]. This albedo dichotomy is also apparent in the microwaves (Section 6.4).

Radar observations

Iapetus and Phoebe have both been observed by the Cassini radar (Chapter 3.2; [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF][START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF], and by the Arecibo radar system (Section 2.5.5 and [START_REF] Black | Radar Detection of Iapetus[END_REF]. The radar albedos resulting from these observations, already provided in Tables 2.2 and 3.2, are summarized in Table 7.1 for convenience. Both Phoebe and Iapetus radar echoes are dominated by diffuse scattering rather than specular reflections, indicating the presence of at least some subsurface volume scattering [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF]. At 2.2 cm, the Trailing Hemisphere (TH) of Iapetus has a higher radar albedo than the Leading Hemisphere (LH), whose radar albedo is very close to Phoebe's. This result is consistent with a deposit of low-reflectivity non-icy material originating on Phoebe and depositing preferentially on the leading side of Iapetus [START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF][START_REF] Gall | Dust and Snow Cover on Saturn's Icy Moons[END_REF]. At 13 cm, however, the dichotomy disappears, with the LH and TH radar albedos being the same within error. The presence of a dichotomy at 2.2 cm but not at 13 cm points to a layer of low reflectivity material tens of centimeters thick, but less than a few meters thick [START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF], 2019), slightly larger than the 7-to 16-cm thickness estimated by [START_REF] Rivera-Valentin | Revisiting the thermal inertia of Iapetus: Clues to the thickness of the dark material[END_REF] from CIRS data using a two-layer model, but consistent with predictions from dynamical and thermal migration models [START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF][START_REF] Tamayo | Finding the trigger to Iapetus' odd global albedo pattern: Dynamics of dust from Saturn's irregular satellites[END_REF].

Ground-based microwave radiometry

Radiometry observations, by informing on the brightness temperature and therefore the thermal properties of the subsurface, are complimentary to radar data. The Cassini radiometry of Iapetus, which has been described in Chapters 4 and analyzed by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] and Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] and in Chapter 6, includes both resolved and unresolved observations of various regions. However, this dataset remains limited in local time (with only three daytime observations) and only samples a single wavelength.

The FP1 long-wavelength detector (20 to 600 cm -1 ; 17 to 500 µm) of the Composite Infrared Spectrometer (CIRS) instrument aboard Cassini also observed both Iapetus and Phoebe, allowing for the derivation of the thermal inertia by [START_REF] Flasar | Temperatures, Winds, and Composition in the Saturnian System[END_REF] and [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF] shown in Table 5.2. Yet even the long-wavelength detector likely only probes a few millimeters and at most a few centimeters in the subsurface (e.g., [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF]. At these shallow depths, the surface is expected to be a loose, porous regolith, probably very different from the more compact meter-deep layer probed by the Cassini radiometer.

Ground-based radiometry, possible at multiple wavelengths from telescopes and interferometers around the world, can bridge the gap between Cassini CIRS and radiometry observations.

Advantages and disadvantages of ground-based microwave radiometry

Because long wavelengths (low frequencies) probe deeper than short wavelengths (high frequencies), observing at multiple wavelengths can inform both on the vertical structure of the regolith and on the propagation of the diurnal and seasonal thermal waves with depth. Furthermore, the efficiency of scattering, including the coherent backscatter effect, is wavelength-dependent. Thus, building the microwave spectrum of a solid body can reveal the characteristic size of possible scattering structures.

Earth-based radiometry of Saturn's icy satellites, though crucial to the understanding of their subsurfaces, is plagued by technical difficulties. Indeed, these small, cold bodies are at small angular distances from Saturn, as seen from the Earth: the very high flux of Saturn, present in the side lobes of the antenna beam pattern, often contaminates the signal from the inner icy satellites. However, these problems are not too serious for Iapetus, whose orbital radius (61 R Saturn ) is large enough that, near maximal elongation, there is generally little contamination from Saturn. Phoebe has an orbital radius almost four times that of Iapetus (221 R Saturn ), and also does not suffer from contamination by the planet's flux. Yet, it is a small object (212 km in diameter), which at Saturn's distance from Earth makes it a very faint source, whose microwave flux lies at tens to hundreds of µJy (depending on the frequency). Fortunately, large radio telescopes and interferometers are sensitive enough to detect such a faint object, and have the resolution to separate Iapetus from Saturn. This is especially true of the upgraded Karl G. Jansky Very Large Array (VLA) and Atacama Large Millimeter/submillimeter Array (ALMA) interferometers, which, with their small synthetic beam, can even resolve features on Iapetus.

Deriving brightness temperatures

As detailed in Section 2.4.3, radiotelescopes generally obtain, at a frequency ν, a flux density S ν (in units of Jansky, where 1Jy = 10 -26 W m -2 Hz -1 ), equal to the product of the spectral radiance B target ν of the target and its solid angle as seen from the observer Ω target . The flux density of a target is measured in contrast to the sky's background microwave radiation B CMB ν . The CMB must then be subtracted as follows, especially at longer (centimeter) wavelengths where it contributes a larger fraction of the measured flux:

S ν = (B target ν -B CMB ν ) × Ω target (7.1)
By inserting the formula for solid angle and Planck's equation for spectral radiance (Eq. 2.28), we find:

S ν = 2hν 3 c 2 1 e hν/k B T disk B -1 - 1 e hν/k B T CMB -1 × πR eq R ′ p D 2 (7.2)
where T CMB = 2.725 K is the temperature of the CMB, D is the distance (in km) from the telescope to the target, R eq is the equatorial radius (747.4 km in the case of Iapetus), and ν is the effective frequency, found by convolving the receiving bandwidth with the atmospheric transmission. R ′ p is the projected polar radius of Iapetus, which depends on the sub-Earth latitude φ and the polar radius R p (712.4 km in the case of Iapetus):

R ′ p = R 2 eq sin 2 φ + R 2 p cos 2 φ (7.
3)

The disk-integrated brightness temperature T disk B can then be derived from Eq. 7.2.

Iapetus ground-based radiometry: pre-existing observations and interpretations

Green Bank Telescope (GBT) observations [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] partially bridged the gap between CIRS and Cassini radiometry by observing Iapetus's two faces at wavelengths varying from 3.3 to 10.8 mm using the Green Bank Telescope (GBT), a 100-meter single dish radiotelescope located in Green Bank, West Virginia (USA). At 3.3 mm (90 GHz; W band), the MUSTANG (MUltiplexed Squid Transition-edge sensor Array at Ninety Gigahertz) imaging bolometer array acquired observations on the LH and at 30 • E (mixed dark and bright terrains, but dominantly TH). At 7.8,8.6,9.6,and 10.8 mm (38.25,34.75,31.25,and 27.75 GHz), the CCB (Caltech Continuum Backend) Ka-band receiver observed a variety of regions of Iapetus on 11 different occasions, four of which failed due to bad weather. Three observations had the best weather and are considered reliable; two of these are on the LH and one on the TH. The main characteristics of the data gathered with the GBT are presented in Table 7.2 and shown in Fig. 7.1; for further detail, including on the calibration, atmosphere removal, and sidelobe mitigation techniques, see [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF]. [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] then used an empirical thermal model with sub-solar heating to derive the emissivity. We re-calculated the brightness temperature from the fluxes found by Ries (2012), using the method described in Section 7.1.2. Because contribution from the CMB and polar flattening are now taken into account, the values of derived T disk B (shown in Table 7.2 and Fig. 7.1) are higher than those found by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF]. Nonetheless, their interpretations remain valid.

On the leading side, Ries (2012) observed decreasing brightness temperatures and emissivities with increasing wavelength, especially compared to the surface temperature of ∼100 K. At first glance, this observation appears consistent with a thermal depth effect, as longer wavelengths are probing deeper into the dayside's cold subsurface, below the diurnal skin depth. However, Ries (2012) point out that this explanation is insufficient to justify the very steep temperature drop from 3 mm to 7.8 mm. Instead, we suggest an alternate explanation, already proposed by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] to explain Cassini radiometry observations: at long wavelengths, radiometers probe increasingly into the low-emissivity icy substrate underlying the high-emissivity LH material. This idea is consistent with a dark material layer thickness of several decimeters, through which centimetric wavelengths would probe more easily than millimetric wavelengths [START_REF] Black | Radar Detection of Iapetus[END_REF][START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF].

The trailing side is less emissive than the leading side at all observed wavelengths. Further, it shows a putative large "absorption" feature, as suggested by the re-increase in T disk B with wavelength beyond 8 mm. The 3.3 mm "mixed" observation, which included signal from both LH and TH, leads to a fairly low brightness temperature (66.2 ± 9.7 K), implying that the value on the TH alone would be even lower: Ries (2012) extracted a 3.3-mm trailing side temperature of 42 K using a simplified temperature map (including three different values for the LH, TH, and polar regions). Ries, 2012 therefore deduced that the dip in T disk B is centered at about 3 millimeters. By comparison with outputs from the semi-empirical Microwave Emission Model for Layered Snowpacks (MEMLS) developed for and tested on snow on Earth [START_REF] Wiesmann | Radiometric and structural measurements of snow samples[END_REF], [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] attributed this feature to diffuse scattering by 1-2-mm ice particles. However, [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] points out that the MEMLS is restricted to grain sizes < 3 mm, a size large enough to model most snowpacks on Earth [START_REF] Wiesmann | Radiometric and structural measurements of snow samples[END_REF][START_REF] Wiesmann | Microwave Emission Model of Layered Snowpacks[END_REF][START_REF] Mätzler | Extension of the Microwave Emission Model of Layered Snowpacks to Coarse-Grained Snow[END_REF], but possibly too small for some planetary ices.

Sub-Millimeter Array (SMA) observations

The Sub-Millimeter Array (SMA) is a joint project between the Smithsonian Astrophysical Observatory and the Academia Sinica Institute of Astronomy and Astrophysics and is funded by the Smithsonian Institution and the Academia Sinica. A series of observations of Iapetus were conducted with the SMA in Hawaii in 2012, in order to characterize the emissivity of the leading and trailing hemisphere terrains at a wavelength of 1.3 mm (225 GHz frequency). Four of these observations were calibrated and presented by [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF], again showing a warmer LH than TH. Comparing the extracted brightness temperatures to two different thermal models, keeping the emissivity constant at e = 0.9 requires bolometric Bond albedo values inconsistent with the literature. This led the authors to the conclusion that a LH emissivity of e 1.3 mm LH = 0.759 and a TH emissivity of e 1.3 mm TH = 0.602 would be consistent with Cassini CIRS data [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF].

The remaining SMA observations of Iapetus have since been calibrated (M. Gurwell and A. Moullet, 2020, personal communication); Titan was used as a primary calibrator. The brightness temperatures were then derived using the method detailed in Section 7.1.2. These data are presented in Table 7.2 and shown in Fig. 7.2. The leading/trailing dichotomy is clearly visible in the resulting lightcurve, yielding average LH (-90 ± 50 • E) and TH (+90 ± 50 • E) disk-integrated brightness temperatures of < T disk B > LH = 84.2 ± 1.9 K and < T disk B > TH = 63.9 ± 2.1 K, respectively. These values are consistent with those found by [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF] from a subsection of the same dataset. Fig. 7.3 adds these observations to the LH and TH spectra obtained from Cassini radiometry and GBT observations. On the leading side, the 1.3 mm brightness temperatures are 15 K lower than measured by the GBT at 3.3 mm, but are within uncertainties of the 7.8 mm measurements. While a thermal depth effect may still be decreasing T disk B at the longer wavelengths, another process must be causing the 3.3-mm peak. Meanwhile, on the trailing side, T disk B is higher at 1.3 mm than at 7.8, 8.6, and probably 3.3 mm. [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF]Gurwell andMoullet (2020, personal communication). All sub-Earth coordinates and disk-integrated brightness temperatures were re-calculated from the fluxes provided by these references. 4.1). The background image is the ISS 3-color composite of Iapetus (PIA18436).
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Outstanding questions and motivations for the present study

The microwave radiometry data gathered by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] and [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF] reveals likely compositional and structural variations with depth, on both sides of Iapetus. However, these observations also pose new questions. If confirmed, what is the cause behind the increasing 1.3 -3.3 mm values of T disk B on the leading side? Can further observations help quantify the particle size causing the trailing hemisphere mm-wavelength dip in T disk B ? At what wavelength, if any, do the leading and trailing hemispheres have the same temperature and emissivity? Does microwave radiometry support the hypothesis that the Phoebe ring is the source of the leading hemisphere dark material?

In order to help answer these questions and complete a missing part of Iapetus's microwave spectrum, we conducted a microwave observation campaign. We observed the two faces of Iapetus at 1.15 and 2.0 mm using the NIKA2 camera [START_REF] Catalano | Performance and calibration of the NIKA camera at the IRAM 30 m telescope[END_REF][START_REF] Calvo | The NIKA2 Instrument, A Dual-Band Kilopixel KID Array for Millimetric Astronomy[END_REF][START_REF] Adam | The NIKA2 large-field-of-view millimetre continuum camera for the 30 m IRAM telescope[END_REF] at the IRAM-30 m telescope at Pico Veleta in Spain; these data are described in Section 7.2. In parallel, centimetric data were acquired on Iapetus and Phoebe using the VLA interferometer in New Mexico, USA, as detailed in Section 7.3. The sub-Earth coordinates of all reliable existing microwave observations of Iapetus to date, including those gathered with the VLA and the IRAM NIKA2 camera and described hereafter, are indicated in Fig. 7.4.

Disk-integrated observations of Iapetus from the IRAM 30 meter telescope

A preliminary analysis of the Institut de Radioastronomie Millimétrique (IRAM) 30 meter telescope observations of Iapetus has been presented at the mm Universe @ NIKA2 conference in June 2019, and published in the peer-reviewed conference proceedings (Bonnefoy et al., 2020b). The present section details the updated analysis and exposes the results. 

The NIKA2 camera on the IRAM 30-meter telescope

The New IRAM KIDs Array (NIKA2) camera mounted on the IRAM-30 m telescope (pictured in Fig. 7.5) can image a field of view of 6.5 arcmin at 150 GHz (2.0 mm) and 260 GHz (1.2 mm) simultaneously [START_REF] Monfardini | Latest NIKA Results and the NIKA-2 Project[END_REF][START_REF] Calvo | The NIKA2 Instrument, A Dual-Band Kilopixel KID Array for Millimetric Astronomy[END_REF][START_REF] Adam | The NIKA2 large-field-of-view millimetre continuum camera for the 30 m IRAM telescope[END_REF][START_REF] Perotto | Calibration and performance of the NIKA2 camera at the IRAM 30-m Telescope[END_REF]. It uses three kilopixel arrays of kinetic inductance detectors (KIDs): two at 260 GHz, which are averaged to obtain the 1.2 mm image, and one at 150 GHz. The transmission of each array is shown in Fig. 7.6, along with the Uranus and Titan spectra (used here as calibrators).

The 1.2 and 2.0 mm beam patterns of the IRAM 30-m telescope have been characterized by [START_REF] Kramer | Improvement of the IRAM 30 m telescope beam pattern[END_REF], [START_REF] Catalano | Performance and calibration of the NIKA camera at the IRAM 30 m telescope[END_REF], [START_REF] Adam | The NIKA2 large-field-of-view millimetre continuum camera for the 30 m IRAM telescope[END_REF][START_REF] Perotto | Calibration and performance of the NIKA2 camera at the IRAM 30-m Telescope[END_REF]. The main 2020). We also show the modeled spectra of Uranus [START_REF] Moreno | Neptune and Uranus planetary brightness temperature tabulation[END_REF] and Titan [START_REF] Lellouch | An intense thermospheric jet on Titan[END_REF], the two sources used for calibration, with arbitrary normalization. Note that Titan has numerous emission lines at these frequencies, which are accounted for in the calibration. 2020), but exposes additional structure because the source (Saturn) is brighter here than in previous analyses (Uranus). At 1.2 mm, numerous spokes are apparent, as well as a ring at ∼200", which is likely caused by diffraction. At 2.0 mm, the quadrupod support structure causes an obvious ×-shape, and a likely diffraction ring is apparent at ∼350". There are also eight 2.0-mm-bright spots (circled in white), whose positions can vary with respect to the rest of the beam. Finally, the bright circle at > 400" at 1.2 mm is most likely an artifact created by applying the atmospheric correction to a very bright source.

beam is a circular Gaussian of FWHM 10.8 ± 0.2" at 260 GHz and 17.4 ± 0.6" at 150 GHz, although the ellipticity and size of the main beam can increase at low elevations and during sunrise and late afternoon [START_REF] Adam | The NIKA2 large-field-of-view millimetre continuum camera for the 30 m IRAM telescope[END_REF][START_REF] Perotto | Calibration and performance of the NIKA2 camera at the IRAM 30-m Telescope[END_REF]. The beam pattern also includes an error beam decomposed into three Gaussians (from deformations of the primary mirror) as well as diffraction rings, spokes, and spikes, described by [START_REF] Kramer | Improvement of the IRAM 30 m telescope beam pattern[END_REF], [START_REF] Adam | The NIKA2 large-field-of-view millimetre continuum camera for the 30 m IRAM telescope[END_REF][START_REF] Perotto | Calibration and performance of the NIKA2 camera at the IRAM 30-m Telescope[END_REF] and shown in Fig. 7.7.

Observation strategy

Given the small FWHM of the main beam, we were originally hoping to detect some of the inner moons of Saturn, whose maximum elongations vary from 25.5" for Mimas to 70" for Rhea; Iapetus was assumed to be far enough from Saturn to be always detected. Our first proposal (project number 087-17) therefore imaged a large field of view centered on Saturn and including both Titan and Iapetus. An example of the resulting map, on 28 May 2018, is illustrated in Fig. 7.8. It quickly became clear that, due to Saturn's contribution to the side lobes, the inner moons could not be detected. Indeed, flux densities of the order of 1 Jy are seen out to about 100" of Saturn at 1.2 mm and 2.0 mm, making it impossible to detect targets whose expected flux is of the order of tens to a hundred mJy (Fig. 7.8). Iapetus, however, can already be seen within this map, at 250" elongation. It was therefore decided to concentrate on Iapetus for the following proposal (project number 111-18), more specifically, on observing the leading and trailing hemispheres.

In order to measure the flux densities of the trailing and leading hemispheres of Iapetus independently, observations of the satellite had to occur near maximum elongation. Given that Iapetus orbits around Saturn in 79 days, the most appropriate dates to observe during the winter 2019 pools were January 31 to February 15 for the trailing side, and March 12 to March 26 for the leading side. Data were acquired on the trailing side on two occasions (14 and 15 February 2019) and on the leading side on three different days (12, 20, and 21 March 2019). On each day, we used the NIKA2 camera to image a field of view centered on Saturn and extending at least 100" beyond the position of Iapetus, which lies 200" to 500" away from Saturn depending on the date. Scans were centered on Saturn to keep the beam pattern symmetrical. Indeed, the atmosphere subtraction also removes some sidelobes: this processing becomes asymetrical if images are not centered on Saturn, and the side lobes become warped, which can affect the flux at Iapetus. The characteristics of the IRAM observations of Iapetus are summarized in Table 7.3, and their sub-Earth coordinates are shown on a map of Iapetus in Fig. 7.4, along with the sub-Earth coordinates of the other Iapetus observations. Note that on May 23, 2018 Iapetus was too close to Saturn and on May 27 the sky opacity was too high: on both of these dates, Iapetus was not detected. The calibration of the remaining 7 observations is detailed hereafter.

Calibration and flux derivation

Individual scans, which each complete a map of Saturn and its surroundings, are often too noisy to detect Iapetus, and are thus averaged by series of six to increase the SNR. For the 2018 scans, which were smaller (extending about 400" from Saturn) and therefore faster to obtain, this corresponds to an average over 20 minutes; in 2019, scans are averaged over 36 minutes (the field scanned is larger to capture Iapetus); however, the integration time over Iapetus is similar because it is not within NIKA2's field of view (of 390") when imaging the other side of Saturn. On each day, three to eight series of six scans were acquired; for each, the flux from Iapetus and Titan was measured and is provided in Table 7.3. The data was reduced and calibrated on Uranus by Jean-François Lestrade, astrophysicist at the Observatoire de Paris. For each day, I then attempted a re-calibration on Titan, which was observed under the same atmospheric conditions and at the same time and elevation as Iapetus but suffers from confusion with Saturn flux. For each day, the calibration source (Uranus or Titan) yielding the most consistent results was chosen.

Standard NIKA2 calibration on Uranus

The details of the NIKA2 calibration steps are provided in [START_REF] Perotto | Calibration and performance of the NIKA2 camera at the IRAM 30-m Telescope[END_REF]. Uranus and the secondary calibrators CL2688, NGC7027, and MWC349, were observed before or after each Iapetus observation. For each one-week observation run, the response of each individual pixel of all three kids arrays is defined, based on beam maps conducted each day on Uranus. Ideally several times a day, skydips are also performed in order to calibrate the response of the NIKA2 instrument with respect to changing atmospheric conditions (sky opacity). All data within a week-long observation run can thus be calibrated in a uniform way, depending on the recorded atmospheric conditions. To correct for second-order day-to-day inaccuracies in the calibration, the fluxes measured on the calibration sources at times close to the Iapetus observations are examined. This comparison results in an additional adjustment factor of up to 5%. The resulting flux densities are accurate to within 5% [START_REF] Perotto | Calibration and performance of the NIKA2 camera at the IRAM 30-m Telescope[END_REF].

Calibration on Titan

When Titan is sufficiently far from Saturn, it can also be used as a calibration source. Indeed, Titan's brightness temperature spectrum is well known (<5% uncertainty in flux; [START_REF] Lellouch | An intense thermospheric jet on Titan[END_REF], and more importantly it was observed at the same time and under the same atmospheric conditions as Iapetus, owing to the large field of view of NIKA2 and the map sizes. The caveat of using Titan as a calibrator is that it is always affected, to some degree, by Saturn contamination. Calibration on Titan imposes further timing constraints for the observations, as it is only possible to accurately measure the flux from Titan near its maximum elongation (∼180" away from Saturn), when it is more easily separable from Saturn. Thus the 14 February 2019 observation cannot be calibrated on Titan, which was < 100" away from Saturn at that time.

The flux from both Titan and Iapetus is measured using the method described below. We then perform an absolute calibration on Titan using the spectrum from [START_REF] Lellouch | An intense thermospheric jet on Titan[END_REF], shown in Fig. 7.6. Titan's fluxes at 1.2 and 2.0 mm are predicted, and the Iapetus flux is adjusted correspondingly. Ideally, if the atmospheric conditions are stable, this adjustment should remain below 5%.

Extracting the flux

The observations on Saturn, a particularly bright source, reveal the structure of the extended beam pattern, which I mapped for each day. All daily observations were co-added in azimuth, elevation coordinates (in which the beam does not move), while Titan and Iapetus were masked. The resulting beam map on 14 February 2019 is shown in Fig. 7.7. Because we are using a brighter source (Saturn rather than Uranus) than [START_REF] Adam | The NIKA2 large-field-of-view millimetre continuum camera for the 30 m IRAM telescope[END_REF] and [START_REF] Perotto | Calibration and performance of the NIKA2 camera at the IRAM 30-m Telescope[END_REF] to build this beam map, more structure is apparent. More specifically, we note previously undetected putative diffraction rings at 1.2 mm (∼200" from the source) and 2.0 mm (∼350" from the source), as well as four extra bright spots ∼ 300" from the source at 2.0 mm, circled in white in Fig. 7.7.

As mentioned above (Section 7.2.2), the measurement of both Titan's and Iapetus's flux density is complicated by the proximity of Saturn, which, at ∼1200 Jy at 1.2 mm and ∼500 Jy at 2.0 mm, is over 10000 times brighter than Iapetus (∼0.1 Jy at 1.2 mm and ∼0.03 Jy at 2.0 mm) and 1000 times brighter than Titan (∼1.2 Jy at 1.2 mm and ∼0.4 Jy at 2.0 mm) at mm wavelengths. The large-scale structures of the beam pattern, such as the error beam [START_REF] Kramer | Improvement of the IRAM 30 m telescope beam pattern[END_REF], are filtered out along with the atmospheric fluctuations in the data reduction pipeline [START_REF] Ruppin | First Sunyaev-Zel´dovich mapping with the NIKA2 camera: Implication of cluster substructures for the pressure profile and mass estimate[END_REF]. Residual structures remain, which affect the data out to at least 350" from Saturn. Most of these sidelobes are fixed relative to the antenna; however, they also appear to change in amplitude, shape, and general appearance with elevation, time, and atmospheric conditions. Due to this time variability, the extended beam cannot be simply subtracted from the data. Instead, multiple observations at different times, parallactic angles, and on different days allow us to detect and average out the flux variability caused by the sidelobes.

Indeed, as the telescope follows Saturn in the sky over the 1.5 to 4 hours of observation, the parallactic angle changes. In practice, this means that the orientation of the beam pattern changes relative to the position of the satellites (this fact permitted the construction of the beam maps in Fig. 7.7 by masking the satellites). Over the hours of observation, both Titan and Iapetus move in and out of local peaks within the sidelobes. Our method consists in dividing the observations into 20 to 36-minute segments, which is a time span short enough that the position of the satellites within the beam varies little, and long enough that we have a clear detection. The positions of Saturn, Titan, and Iapetus are known precisely at each time from the SPICE NAIF toolkit [START_REF] Acton | A look towards the future in the handling of space science mission geometry[END_REF]. For each segments of 6 individual scans, we select the data over a small region (19x19" at 1.2 mm; 23x23" at 2.0 mm) centered on the satellite; these sizes have been optimised to properly separate the Gaussian parameters and the background. Within this small region, we fit a 2-dimensional Gaussian with a tilted plane in the background; the amplitude of the Gaussian is the satellite's flux. The tilted plane accounts for variations in the background flux caused by Saturn contamination and by the negative rebound introduced by the atmosphere subtraction on such a strong source. An example of the fitting method is shown in Fig. 7.9.

Iapetus flux is finally converted to brightness temperature following the method described in Section 7.1.2. The angular size of Iapetus is around 0.19" to 0.22" and varies with the Earth-Iapetus distance.

further discussed in Section 7.4. 7.4. Table 7.4 -IRAM NIKA2 observations: results. Fluxes on Titan, observed using calibration on Uranus (F obs Titan ) and predicted (F pred Titan ) using the Titan spectrum from [START_REF] Lellouch | An intense thermospheric jet on Titan[END_REF] shown in Fig. 7.6 are given at 1.2 and 2.0 mm. Observed fluxes on Iapetus are given both with the default calibration on Uranus (F U Iapetus ) and with additional absolute calibration on Titan (F T Iapetus ). Similarly, derived brightness temperatures are provided with calibration on Uranus (T disk,U

B

) and on Titan (T disk,T

B

). Uncertainties are derived from the quality of the 2-D Gaussian fit of Titan's and Iapetus's fluxes. The brightness temperatures with the more reliable calibration method are in bold; these are interpreted in the following sections.

Date F

pred Titan

F obs Titan (mJy) 78.6 ± 2.9 91.9 ± 3.0 Figure 7.11 -Iapetus microwave spectra, including the 1.2-and 2.0-mm values found with the NIKA2 system as well as brightness temperatures found in previous studies [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF][START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]Gurwell and Moullet, 2020, personal communication). Our error bars are derived from the 5% absolute calibration uncertainty and the 95% confidence interval of the fits, as detailed in Section 7.2.2.
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7.3 Observations of Iapetus and Phoebe from the VLA 7.3.1 The Karl G. Jansky Very Large Array (VLA) interferometer

Interferometry, which consists in combining the incoming signal from multiple antennas (see Section 2.1.2), can achieve spatial resolutions much better than the largest single-dish radio telescopes. The NSF's Karl G. Jansky Very Large Array (VLA) is a radio interferometer of 27 25-meter parabolic antennas, located in the desert near Socorro, New Mexico (USA). It belongs to the National Radio Astronomy Observatory (NRAO), which is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. The VLA was constructed in the 1970s and underwent several upgrades, the last of which ended in 2012 and significantly improved its sensitivity, resolution, and frequency coverage [START_REF] Perley | The expanded Very Large Array: a new telescope for new science[END_REF]. The individual antennas of the VLA can move along the Y-shaped tracks into four distinct configurations. With a maximum baseline length of 36 km, the A configuration is the most extended and therefore offers the highest resolution, as shown in Table 7.6. Given that the angular size of Iapetus is around 0.21", the highest possible resolution is required to resolve it, while also helping to separate its signal from Saturn's. Consequently, all the Iapetus VLA data discussed herein was acquired in the A configuration. Phoebe (0.03") is unresolved even in A configuration, and was observed in the B configuration instead. 

Observations and calibration

A total of three successive proposals of VLA observations of Iapetus and Phoebe have been accepted, two of which (project codes 18A-090 and 19A-093) led to the observations described herein. The latest proposal, 20B-290, should be observed in the winter of 2020-2021 and complete the centimetric spectra of Iapetus and Phoebe. Indeed, observing the leading and trailing side of Iapetus, which are visible alternately for a few days each month, imposes strong timing constraints, which could not always be met in previous proposals.

As detailed in Tables 7.7 and 7.8, data have been acquired on the trailing, anti-Saturn, and leading sides of Iapetus, as well as on Phoebe, which was detected for the first time from Earth at centimeter wavelengths. Table 7.7 summarizes the observing conditions, more specifically the wind and the phase fluctuations caused by turbulence in the troposphere (measured by the atmospheric phase interferometer, or API). The VLA observations of Iapetus and Phoebe were scheduled, verified, calibrated, and reduced by Bryan Butler, staff scientist at the National Radio Astronomy Observatory (NRAO), who also extracted the target fluxes and brightness temperatures. Bryan Butler spent a month at the LESIA in June 2019, where he reduced this dataset. The quasar 3C286 was used to calibrate for delay, bandpass, and flux density scale, whereas the complex gain was determined from either J1820-2528 or J1911-2006 (both quasars), which were close to Saturn at the time of the observations. The initial reduction and calibration of the data used the VLA calibration pipeline. Data were acquired in spectral windows of 128 MHz bandwidth, each composed of 64 2-MHz channels which are averaged together. In order to reduce the noise inherent to narrow bandwidths, data were averaged over 3 GHz (for the Ku band) or 4 GHz (for the X, K, and Ka bands). The decorrelation caused by tropospheric turbulence is corrected using the atmospheric phase interferometer (API) measurements [START_REF] Butler | Phase Fluctuations at The VLA Derived From One Year of Site Testing Interferometer Data[END_REF][START_REF] Carilli | Tropospheric phase calibration in millimeter interferometry[END_REF]. The target's flux is derived by fitting a limb-darkened disk of the appropriate dimensions (taking into account polar flattening and sub-Earth latitude), on the visibilities (in the spatial frequency plane) rather than in the image plane. Finally, the final brightness temperatures are derived using the method described in Section 7.1.2.

During the 21 May 2018 X-band observation, Saturn was in the antenna primary beam, overwhelming the flux from Iapetus. In order to extract Saturn's flux, the limb-darkened planet and its rings were modeled and their contributions were subtracted from the visibilities. Most of the Saturn contribution was thus successfully removed, and the flux and brightness temperatures could be calculated from the resulting data.

We further note that Phoebe is a smaller and therefore fainter source than Iapetus, leading to much higher uncertainties in the derived brightness temperature values. To minimize noise, data was averaged over the whole bandwidth rather than over only 3 or 4 GHz. Phoebe was observed on four occasions, including twice in the K-band (13.6 mm); these two data points are averaged to obtain a more reliable measurement.

Results

The fluxes and brightness temperatures derived for Iapetus and Phoebe are provided in Table 7.8 and shown in Fig. 7.12, with all other Iapetus microwave daytime observations. The May and June 2019 K-band observations of Phoebe are averaged.

The VLA values of T disk B on the trailing hemisphere in the K and Ku bands are consistent with both the GBT data of [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] and the Cassini radiometry data of Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. The Ku band temperature is stable, whereas at higher frequencies (shorter wavelengths), it appears to decrease, perhaps as a follow up of the trailing hemisphere scattering feature identified by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF].

As expected, the Ka band observation, which was centered near the anti-Saturn side and thus includes a mixture of leading and trailing hemisphere terrains, has an intermediate brightness temperature, lying between the leading and trailing side values measured by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF]. At 3.0 cm (X band), the leading hemisphere T disk B is above that of the "mixed" anti-Saturn observation. This indicates that, at this wavelength, the leading and trailing hemispheres must still be distinct. Nonetheless, on the leading side, T disk B decreases from 77.5 ± 0.9 K at 2 cm (IA049-2_1u in Table 4.1) to 70.9 ± 2.0 K at 3 cm. Because the Cassini 2.2 cm observation was acquired during the local night (at 21:49 UTC, as opposed to near noon for all Earth-based observations), the 2.2 cm daytime brightness temperature may be even higher (depending on the thermal inertia). A steep 2.2-3.0 cm decreasing slope on the trailing hemisphere suggests an abrupt change in subsurface properties.

Finally, the brightness temperatures measured on Phoebe are within error of those found by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] on the leading side of Iapetus. Ka to Ku band VLA observations of the LH of Iapetus (accepted proposal 20B-290) and thermal modeling of both Iapetus and Phoebe are necessary before we can conclude on the possible similarity in emissivity between these two bodies. Table 7.8 -Fluxes and and brightness temperatures derived from VLA observations of Iapetus and Phoebe. The latitude and longitude given are for the sub-Earth point; the region observed is indicated for Iapetus but not for Phoebe, which is not in synchronous rotation. .12 -Iapetus microwave spectrum, including the IRAM NIKA2 results, the VLA results, and brightness temperatures found in previous studies [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF][START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]Gurwell and Moullet, 2020, personal communication). VLA observations of Phoebe are included for comparison.

7.4 Discussion and interpretations

The LH and TH microwave spectra of Iapetus

As shown in Fig. 7.12, the brightness temperature difference between the LH and TH of Iapetus is apparent at all observed millimeter to centimeter wavelengths. As expected from the leading/trailing albedo dichotomy, the leading side (with a lower albedo) is always warmer than the trailing side, at least during daytime. In order to determine whether an albedo difference is sufficient to account for this dichotomy or if other properties such as emissivity must also vary on either side of Iapetus, a thermal model is required. Comparison to such a model is discussed in Sections 7.4.2 and 7.4.3.

Disk-integrated brightness temperatures measured on the leading side by the IRAM NIKA2 camera at 1.2 and 2.0 mm, the SMA 1.3 mm, and the GBT at 3.3 mm are all consistent with a steep slope, with T disk B increasing with wavelength (from 78.5 ± 3.3 K at 1.2 mm to 100.4 ± 4.2 K at 3.3 mm). Such a steep positive slope is unlikely to be due only to variations of the effective temperature at the depths probed; more likely, they indicate structural and/or compositional changes with depth. At longer wavelengths and up to 3 cm, the brightness temperature steadily decreases, probably as the contribution of a lower emissivity layer increases.

The variations of T disk B on the trailing side of Iapetus appear to be, coincidentally, roughly anticorrelated to those on the leading side. T disk B may decrease with wavelength from 1.2 to a little beyond 3.3 mm, then progressively increase at longer wavelengths. The SMA 1.3 mm and IRAM NIKA2 1.2 and 2.0 mm brightness temperatures are all equal within uncertainties, although they seem to be dropping at 2.0 mm. Around a ∼ 1 cm wavelength, an increase in T disk B with wavelength is seen by both the GBT and the VLA, confirming the presence of a low-T disk B feature at wavelengths of ∼ 3 -10 mm, as detected by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF]. Both the leading and trailing hemisphere features are discussed in more detail in Section 7.4.3.

Comparison with a thermal model

Thermal model

The thermal and radiative transfer models described in Chapter 5, which have been applied to the Cassini 2.2 cm radiometry of Iapetus by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] and in Chapter 6, can also be applied to observations at other wavelengths. We recall that the model uses the bolometric Bond albedo map of Iapetus (Fig. 5.3;[START_REF] Blackburn | A bolometric Bond albedo map of Iapetus: Observations from Cassini VIMS and ISS and Voyager ISS[END_REF] and the time-varying incident solar fluxes as input, while the parameters are the thermal inertia I and the ratio of electric to thermal (diurnal) skin depth r = δ el /δ day th . We can thus obtain effective temperature maps at the epoch of the ground-based observations, from which the disk-integrated effective temperature T disk eff is calculated (as in Section 6.1.1).

When applying the radiative transfer model to other wavelengths, we kept the 2.2-cm skin depth ratio, hereafter called r 2cm , as a parameter, rather than calculate the skin depth ratio for each wavelength. The electrical skin depth, which, assuming the dielectric constant and loss tangent are wavelength-independent, is proportional to the wavelength λ (Eq. 2.13), can be derived from r 2cm and δ day th (itself calculated for each thermal inertia I from Eq. 5.11) as follows:

δ λ el = λ 2.2 cm × r 2cm × δ day th (7.4) closer or even identical if the LH has a lower electrical skin depth than the TH (requiring I and/or r to be lower on the LH). For example, emissivities near 0.75 are allowed on both hemispheres for I = 10 if the electrical skin depth is about 100 times deeper on the trailing hemisphere.

The most likely scenario is that thermal inertia, electrical skin depth, and emissivity all vary from leading to trailing sides. Indeed, these parameters are all closely related to the composition and structure of the near subsurface. On the trailing side, a low e and high δ el would be consistent with a low-loss, icy, and unconsolidated medium (e.g., [START_REF] Ferrari | Low thermal inertias of icy planetary surfaces -Evidence for amorphous ice?[END_REF][START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF]. Meanwhile, the leading hemisphere's higher emissivity points to a more compact medium (lower porosity and fewer scattering losses), and/or a lower dielectric constant ε ′ r . VIMS infrared spectra have detected a variety of materials on the LH of Iapetus, including iron oxides, CO 2 ice, and complex hydrocarbons (see Section 1.4.2 and Clark et al., 2012;[START_REF] Cruikshank | Aromatic and aliphatic organic materials on Iapetus: Analysis of Cassini VIMS data[END_REF]. The SMA data suggest that fine-grained tholins, which have low dielectric constants (ε ′ r = 2.03 -2.33 at 13.78 GHz, compared to ε ′ r ∼ 3.13 for solid water ice; [START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF], and which cannot form large crystals like water ice, are a good candidate for the leading hemisphere dark material. Silicates and iron oxides are less ideal due to their high dielectric constants and loss tangents, but cannot be discarded from this dataset alone. For uniform I and r 2cm , the leading hemisphere emissivity must be at least 0.14 higher than on the trailing side. However, the emissivity could be similar on both hemispheres if I and r are very low on the LH, while I is high on the TH.

Emissivity variations with wavelength

As for the 1.3 mm SMA data, the effective temperatures have also been simulated for all other microwave observations of Iapetus described above, to obtain simulated temperature profiles at their epochs of measurement. Assuming that the thermal inertia, loss tangent, and dielectric constant are constant with depth, we can derive the leading and trailing hemisphere emissivity spectra. For this first derivation, we chose I = 100 MKS and r 2cm = 5, near the values derived by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] from Cassini 2.2-cm radiometry (see Table 6.1); the electrical skin depth at each wavelength can be found using Eq. 7.4. The emissivities derived for this vertically uniform model are shown in Fig. 7.15; approximate leading and trailing emissivity spectra are hand-drawn for reference. 2014) from Cassini 2.2-cm radiometry. All data available within each region (LH, TH, or mixed) is averaged for each wavelength. The maximum possible emissivity of 1 is marked with a black dashed line; values above this point are unphysical, likely indicating different thermal inertia and skin depth ratio then assumed here. A hand-drawn line approximately adjusted to the leading and trailing hemisphere data is added for reference, but does not represented any physical model. Note that, in reality, both the thermal inertia and the skin depth are expected to change with depth. As seen in Section 7.4.3, variations in I and r 2cm cannot eliminate the trends apparent here.

However, as seen above with the SMA data, it is likely that the thermal and electric properties of the medium vary with the probed depth, and therefore with the observation wavelength. The emissivities as a function of thermal inertia I and skin depth ratio r 2cm have been calculated for both hemispheres at all possible microwave wavelengths, and are shown for the leading and trailing hemispheres in Fig. 7.16 and Fig. 7.17, respectively. Our preferred interpretations are detailed hereafter and summarized in Fig. 7.18.

Leading hemisphere

The high 3.3-mm brightness temperature of T disk B = 100.4 ± 4.2 K constrains the maximum electrical skin depth to δ λ<3.3mm el < 10 cm, using the minimum value of the emissivity allowed by the uncertainties. More plausible values (with emissivities around 0.95) lie around 1 to 10 mm, as seen in the 3.3 mm emissivity map of Fig. 7.16. Even if we assume that the derived 3.3 mm brightness temperature is too high to be real (possibly due to calibration uncertainties), the 2.0 mm emissivities also point to relatively low skin depths, which must remain δ 2mm el < 10 cm if the emissivity is to be kept below 0.93 and to allow thermal inertia values below 100 MKS.

Using Eq. 5.21 and assuming negligible scattering losses, the loss tangent can be derived from the electrical skin depths. Electrical skin depths of δ 3.3mm el = 10 mm would lead to loss tangents of the order of tan δ ≈ 20 -50 × 10 -3 , depending on the dielectric constant (loss tangent is inversely proportional to electrical skin depth). These values are several times larger than those expected for tholins (generally < 0.01; [START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF][START_REF] Lethuillier | Electrical Properties of Tholins and Derived Constraints on the Huygens Landing Site Composition at the Surface of Titan[END_REF], but lie within the range observed for silicates and hematite (e.g., [START_REF] Campbell | Electrical properties of rocks and their significance for lunar radar observations[END_REF][START_REF] Nelson | Dielectric Properties of Selected and Purified Minerals At 1 to 22 GHz[END_REF]He et al., 2015). A 3.3-mm electrical skin depth near 10 cm (unlikely from the 3.3 mm emissivities) would bring the loss tangent to 2 -5 × 10 -3 . Water ice and CO 2 both have loss tangents of the order of 10 -4 , and therefore cannot be the dominant component of the leading hemisphere material. We recall that the loss tangent calculated here only accounts for losses by absorption; accounting also for scattering losses would yield lower values of tan δ. From the 3.3 mm observation, plausible compositions include a tholin-like material, an unconsolidated iron oxide, or a mixture of these and other components [START_REF] Clark | The surface composition of Iapetus: Mapping results from Cassini VIMS[END_REF][START_REF] Dalle Ore | Infrared spectroscopic characterization of the low-albedo materials on Iapetus[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. The high emissivity of the dark material favors materials with a low dielectric constant, e.g. tholins, CO 2 ice, or a highporosity material. This material must be fine-grained, such that its scattering efficiency at 3.3 mm is very low.

Because this result is based primarily on one data point (the 3.3 mm observation from the GBT by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF], it must be confirmed or refuted by further observations at 3 to 6 mm wavelengths.

The steeply increasing 1.2 to 3.3 mm slope in emissivity (see Fig. 7.15) persists for all values of thermal inertia and ratio. Although the electrical properties can vary with wavelength independently of the depth, the variations we observe are most likely due to variations of the subsurface compositionnal and structural properties with depth. Keeping the electrical properties constant with wavelength, variations in thermal inertia or ratio cannot account for the rapidly changing brightness temperature from 1.2 to 3.3 mm: a changing emissivity is necessary, as seen in Fig. 7.16. For I = 50 MKS and δ 1.2mm el = 1 cm (δ 3.3mm el = 2.78 cm), the emissivity would have to rise from e = 0.76 ± 0.01 at 1.2 mm to e = 0.95 ± 0.04 at 3.3 mm. High degrees of mm-scale surface roughness would be insufficient to account for the low millimiter-wavelength emissivities, and are unlikely for a surface coated by fine-grained regolith. Instead, this emissivity slope must be caused by changes in the composition and/or structure in the top few centimeters. Compositional changes would involve a low-emissivity (at millimeter wavelengths) layer overlying the high emissivity material. This thin superficial veneer would also have to be optically dark; no obvious material fits this description.

Structural changes would have to cause enhanced subsurface scattering at 1.2 mm, which would necessarily be less active at longer wavelengths/larger depths. We can think of four possible explanations for such a rapid gradient in scattering over the top few centimeters of the subsurface. i) The dark material particle size is of the order of a ≈ λ/2π < 200 µm, where λ ≤ 1.2 mm is the wavelength at which scattering is most active. ii) Scattering is less efficient at longer wavelengths both because of the restricted particle sizes, and because increasing compaction with depth prevents the wave from probing much deeper at longer wavelength, thereby decreasing the number of opportunities for scattering. iii) Scattering may also be caused by empty pores themselves rather than grain sizes. As the porosity rapidly decreases with depth, scattering quickly becomes less efficient. iv) These empty pores near the surface create a dielectric contrast with the surrounding dark material. At depth, these Figure 7.16 -Leading hemisphere emissivities for all tested combinations of thermal inertia and skin depth ratio, for each wavelengths where observations exist. The maximum uncertainty on the emissivity is given for each wavelength.

Figure 7.17 -Trailing hemisphere emissivities for all tested combinations of thermal inertia and skin depth ratio, for each wavelengths where observations exist. The color bar is the same as in Fig. 7.16: emissivities are generally lower on the TH than on the LH. The electrical skin depths outlined in black are calculated for each wavelength from Eq. 7.4.

pores may be filled with water ice, leading to a lower dielectric contrast and therefore less scattering, and a higher emissivity. These four hypotheses are not mutually exclusive, and are all consistent with a rapidly increasing degree of compaction of the regolith with depth. Fig. 7.18 only displays this increasing compaction in the top few centimeters, without showing the < 200 µm grain sizes or pores. An increasingly compact subsurface would also increase the thermal inertia, consistent with the low sub-millimeter value found by CIRS (I = 14 +7 -8 MKS; [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF] and the higher 2.2-cm value found by the Cassini radiometer (I > 50 MKS; Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]; this increase in compaction may occur primarily within the top few centimeters. Note also that increasing the thermal inertia at larger depths would imply a further enhancement of the spectral variation of the emissivity, as pictured in Fig. 7.16.

The decreasing 3.3 to 30 mm brightness temperatures can only be partly accounted for by decreasing temperatures at depth. Indeed, Fig. 7.16 shows that the emissivity may remain roughly constant between 7.8 and 22 mm, but it must drop on two occasions: from 3.3 to 7.8 mm, and from 22 to 30 mm. Even without the very high 3.3 emissivity, the values found at 7.8 mm are also lower than those at 2.0 mm. Our interpretations is that, beyond 3.3 mm wavelengths, radiometers are beginning to probe the icy substrate underlying the high-emissivity layer. Thus the probed depth (estimated above at 1 to 10 mm, and strictly below 10 cm) at 3.3 mm indicates a minimal thickness of the leading hemisphere high-emissivity material. At 7.8 mm to 22 mm, most of the material probed still consists in the same high-emissivity material, but the icy substrate is increasingly detected, possibly pointing to existence of a mixed transition layer between the two materials. At 30 mm, a sharp drop in emissivity occurs, likely indicating that a significant part of the signal now originates from the water ice layer. These results are generally consistent with a leading hemisphere high-emissivity material thickness of the order of decimeters, with the likely existence of a mixed transition zone, as pictured in Fig. 7.15.

Note also that both thermal inertia and 2.2-cm ratio likely increase with depth, as found by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. Indeed, the 3.3 mm skin depth is restricted to at most 10 cm (i.e., <30 times the wavelength), whereas Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] constrained the 2.2 cm skin depth to be δ 2cm el > 1.2 m (i.e., >54 times the wavelength). This non-linearity of δ λ el with wavelength is likely caused by a decreasing loss tangent with depth. The loss tangent of solid water ice (0.41 × 10 -3 at 13 GHz; [START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF] being lower than that of both tholins (8.8 -10.8 × 10 -3 at 13 GHz; [START_REF] Paillou | Microwave dielectric constant of Titan-relevant materials[END_REF] and hematite (∼ 50 × 10 -3 at 13 GHz; [START_REF] Nelson | Dielectric Properties of Selected and Purified Minerals At 1 to 22 GHz[END_REF][START_REF] He | Comparison of the Microwave Absorption Characteristics of Hematite, Magnetite and Pyrite[END_REF], this result is consistent with the 2.2 cm radiometry data probing the icy substrate.

Trailing hemisphere

Plausible variations in emissivity from 1.2 to 2.0 mm depend upon the thermal inertia I and electrical skin depth δ el . For equal I and δ el with wavelength and depth, the emissivity drops by only about 0.02, which remains within the error bars. It is possible that all parameters (I, δ el and e) remain constant at the depths probed by 1.2 to 2.0 mm wavelengths, while the slight decrease in T disk B in Fig. 7.12 would be due to cooler temperatures in the subsurface than near the dayside surface. The emissivity then drops to very low 7.8 and 8.6 mm values (e<0.7), and at longer (centimetric) wavelengths, there is likely a slow increase in emissivity, assuming I and δ el vary little with depth. In all cases, the 1.2 to 2 mm and centimetric emissivity is unambiguously higher than at 7.8 and 8.6 mm. This result is mostly consistent with the 1-to 2-mm grain size constrained by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] from the data then available. Indeed, Mie scattering is expected to peak at a particle size near λ/2π (Section 2.2.4), and the Coherent Backscattering Effect (CBE) is most efficient for inhomogeneity sizes of the order of the wavelength [START_REF] Hapke | Coherent backscatter and the radar characteristics of outer planet satellites[END_REF][START_REF] Hapke | Coherent backscatter model for the unusual radar reflectivity of icy satellites[END_REF]Black et al., 2001b). If the peak in scattering occurs near 5 to 6 mm, then 1-to 2-mm grain sizes fall in between those Figure 7.18 -Schematic representation of our interpretation of the subsurface of the leading (left) and trailing (right) hemispheres of Iapetus. For each, an outline of the emissivity variations with depth is drawn for reference, assuming that the probed depth is directly proportional to wavelength (from Fig. 7.15). On both hemispheres, the degree of compaction is expected to increase with depth. On the LH, the high-emissivity, optically dark material extends to decimeter depths, under which the water ice substrate is present. On the TH, the low-emissivity 3-8 mm feature can be explained either by a buried low-emissivity layer, or mm-sized particles, pores, or inhomogeneities throughout the subsurface. Interpretations are further detailed in the text.

expected from Mie scattering and from the CBE, due to the use of a more sophisticated and probably more realistic model. The particles or inhomogeneities causing the low millimetric emissivities may either exist at all depths, with the wavelength dependence being primarily controlled by the grain size. The scattering millimeter-sized grains may alternately be buried under a fine-grained regolith, adding to their undetectability at short wavelengths (see Fig. 7.18 for an illustration). This subsurface layer of larger particle sizes or buried fractures could be the bedrock underlying the highly processed regolith, or could be the signature of a past event having affected the surface. In all cases, the thermal inertia derived at 2.2 cm (48-560 MKS) by Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] is higher than in the infrared (15-30 MKS) by [START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF] and [START_REF] Rivera-Valentin | Revisiting the thermal inertia of Iapetus: Clues to the thickness of the dark material[END_REF], indicating that the degree of compaction of the regolith must increase with depth.

Comparison with Phoebe

Phoebe is not in synchronous rotation, and has a fairly short day of 0.39 Earth days (i.e., 9.36 hours). The thermal model described above would need a very short time step to correctly sample such a short day, leading to very large computation times. Instead, we simply calculate the equilibrium temperature T eq of Phoebe at the date of each observation, a simple model which is generally appropriate for a fast rotator such as Phoebe:

T eq = F ⊙ D (1 -A B ) 4σ 
1/4 (7.5)

where F ⊙ = 1370 W/m 2 is the solar constant, D is the Phoebe-Sun distance in AU, A B = 0.1 is Phoebe's bolometric Bond albedo [START_REF] Flasar | Temperatures, Winds, and Composition in the Saturnian System[END_REF][START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF], and σ is the Stefan-Boltzmann constant. For the four dates on which Phoebe was observed by the VLA, its equilibrium temperature is T eq = 85.4 K. This value is lower than the 12 May 2019 K-band brightness temperature (110.5 ± 22.8 K), indicating that either the physical temperature should be much higher, or this unusually high T disk B value is caused by noise (a likely hypothesis, as it is an outlier with respect to the three other Phoebe brightness temperatures shown in Table 7.8).

Emissivity is then derived, as usual, as the ratio of disk-integrated brightness temperatures (available in Table 7.8) to physical temperature. The emissivities found for Phoebe are provided in Table 7.9. Apart from the unphysical value (above 1) derived for 12 May 2019, Phoebe's emissivity appears constant within error, at e = 0.8 -1, very consistent with the emissivity of 0.92 found by [START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] from early Cassini radiometry measurements. These values are also close to those found on the LH of Iapetus at the same wavelengths (Fig. 7.16), but are higher than the TH emissivities for most values of the thermal inertia and skin depth (Fig. 7.17). These results support the presence of a high-emissivity material in the near subsurface of both Phoebe and the LH of Iapetus. This is consistent with the hypothesis that the optically dark material covering the LH of Iapetus originates from the Phoebe ring, which likely originates from Phoebe itself [START_REF] Tosi | Probing the origin of the dark material on Iapetus[END_REF][START_REF] Spencer | Formation of Iapetus' Extreme Albedo Dichotomy by Exogenically Triggered Thermal Ice Migration[END_REF][START_REF] Hamilton | Small particles dominate Saturn's Phoebe ring to surprisingly large distances[END_REF]. Table 7.9 -Phoebe disk-integrated emissivities, extracted assuming the physical temperature at the depth probed is equal to the equilibrium temperature. 

Conclusion and perspectives

By complementing the pre-existing radiometry data acquired by the Cassini radiometer, the SMA, and the GBT with millimetric IRAM NIKA2 and centimetric VLA observations, this work adds to the microwave spectra of the two faces of Iapetus. These new data have led to the detection of variations of thermal, structural, and/or compositional properties with depth on the leading hemisphere, better characterization of the trailing hemisphere scattering feature, and further support the Phoebe origin its dark cover.

Future observations

Yet, the microwave spectra of Iapetus are still not complete. More specifically, VLA data has only been acquired on the trailing side of Iapetus at 1 to 2 cm wavelengths, while at 3 cm only the leading and anti-Saturn sides have been observed. This gap in observations will be filled in the winter of 2020-2021, with VLA LH observations (accepted proposal 20B-290). Furthermore, on both hemispheres, we will acquire C-band (6 cm) data, a crucial wavelength to further constrain the depth of the leading hemisphere material. Indeed, at this wavelength, the radiometer should probe several decimeters into the subsurface, deep enough to sense the icy substrate and maybe record a thermal emission that is dominated by contribution from this layer rather than by that of the dark cover. If this is the case, we expect to find similar emissivities on both the leading and trailing hemispheres. Finally, Q-band (6.7 mm) data on the leading and trailing sides will be key to confirm or infirm the low TH and high LH values of T disk B found by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF].

There is another important gap in the microwave spectra of Iapetus, at 3-6 mm. Further 3 mm data would allow us to verify the very high brightness temperature of the LH 3.3 mm GBT observation. On the trailing side, 3-6 mm data would permit a more complete characterization of the scattering or absorption feature, although observations at 5 mm are impossible from Earth due to an oxygen absorption line. The Atacama Large Millimeter/submillimeter Array (ALMA) in Chile, to which we have already submitted three unsuccessful proposals, is the ideal instrument to bridge the gap between millimetric and centimetric observations, especially within the ALMA 2.6-3.6 mm band (and in the 6-8.5 mm band, which is under construction). Furthermore, ALMA would be able to resolve Iapetus, detecting variations in temperature with latitude and longitude. Such temperature maps can be compared to a thermal model to better constrain the thermal inertia and emissivity of both sides of Iapetus, similar to previous work on Europa and Ganymede [START_REF] Trumbo | ALMA Thermal Observations of a Proposed Plume Source Region on Europa[END_REF][START_REF] Trumbo | ALMA Thermal Observations of Europa[END_REF][START_REF] De Kleer | Thermal properties of Europa and Ganymede from spatially resolved ALMA observations[END_REF][START_REF] Rathbun | Proposed plume source regions on Europa: No evidence for endogenic thermal emission[END_REF]. Other radio telescopes than ALMA can also gather disk-integrated observations of Iapetus at 3 mm, such as the GBT used by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF], the Northern Extended Millimeter Array (NOEMA), or the Combined Array for Research in Millimeterwave Astronomy (CARMA).

Towards a resolved analysis of VLA observations

In the Ka (29 to 37 GHz) and K (18 to 26 GHz) bands, the VLA is able to resolve Iapetus. The resulting maps, reduced and calibrated by Bryan Butler, are shown in Fig. 7.19. The Ka band observation, which was acquired on the anti-Saturn side and therefore features the LH to the East, clearly shows a difference in longitudinal variation in flux density. The K band image, which has a lower resolution and was obtained closer to the leading side of Iapetus, nonetheless also exhibits a longitudinal gradient in flux density. While it is tempting to attribute the high eastern fluxes to the detection of the higher leading hemisphere emissivity, it may also be at least partly caused by differences in local time. Indeed, during this observation, a sunny morning was beginning on the TH, whereas the day was nearing its end on the LH.

Comparing the observed flux densities to those predicted by the thermal and radiative transfer model is the logical next step of the analysis of the resolved VLA observations. The effective temperature maps modeled for a thermal inertia of 50 MKS and a 2 cm skin depth ratio of r 2cm = 5 are shown at the time of both resolved observations in Fig. 7.19. The next step will be to convolve these maps with the synthetic beam, after which they can be directly compared to those obtained by the VLA. Future observations at 6.8 mm (Q-band) should also be able to resolve Iapetus.

Need for a multi-layer thermal model

The radar and radiometry data are consistent with decimeter depths of exogenous dark material, with centimeter wavelengths beginning to probe the icy subtrate below [START_REF] Black | Radar Detection of Iapetus[END_REF][START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF][START_REF] Ostro | New Cassini {RADAR} results for Saturn's icy satellites[END_REF][START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF]Le Gall et al., 2014, and present work). A two-layer model would permit testing of this result and finer constraining of the thickness and thermo-physical properties of the dark material, as suggested e.g. by [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF].

In addition to the transition between the absorbing/emissive LH material and the underlying icy substrate at decimeter depths, there are also probably rapid changes in the thermo-physical properties within the top few millimeters of the subsurface, as discussed in Section 7.4.3. In order to confirm that the steep 1 to 3 mm rise in brightness temperature is caused by an increased degree of compaction of the regolith with depth, a thermal model with varying thermal inertia with depth would be necessary, similar to the one used by [START_REF] Howett | Thermal properties of Rhea's poles: Evidence for a meter-deep unconsolidated subsurface layer[END_REF] on Rhea.

Emissivity modeling

A drop in brightness temperatures and emissivities is seen on the trailing hemisphere of Iapetus at 3 to 8 mm wavelengths, which can be attributed either to subsurface scattering [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] or absorption by a buried layer. Assuming that subsurface scattering is the cause, it should be possible to constrain the grain size from the emissivity spectrum [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF].

However, constraining grain sizes from emissivities is not straightforward. Indeed, the emissivity of the TH of Iapetus cannot be well constrained unless the thermal inertia and probed depth are well known. Even assuming good constraints on the emissivity, a subsurface scattering process and model should be chosen. [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF] applied a semi-empirical snow model (the MEMLS model), which is limited in grain size (to 3 mm) and makes certain assumptions on the vertical layering and subsurface structure [START_REF] Wiesmann | Microwave Emission Model of Layered Snowpacks[END_REF][START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF].

Since the analysis conducted by [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF], the MEMLS has been upgraded (e.g., to include backscattering for active radar modeling; [START_REF] Proksch | MEMLS3&a: Microwave Emission Model of Layered Snowpacks adapted to include backscattering[END_REF]. Several other models have also been developed to simulate microwave emission from snow, such as the Helsinki University of Technology (HUT) model [START_REF] Pulliainen | HUT snow emission model and its applicability to snow water equivalent retrieval[END_REF], and several Dense Media Radiative transfer theory models (DMRT-ML; Picard et al., 2013 and DMRT-QMS;[START_REF] Tsang | Modeling Active Microwave Remote Sensing of Snow Using Dense Media Radiative Transfer (DMRT) Theory With Multiple-Scattering Effects[END_REF][START_REF] Liang | The Effects of Layers in Dry Snow on Its Passive Microwave Emissions Using Dense Media Radiative Transfer Theory Based on the Quasicrystalline Approximation (QCA/DMRT)[END_REF]. These models have recently been all integrated into the Snow Microwave Radiative Transfer (SMRT) model, which can simulate both active and passive observations of snow of varying properties [START_REF] Picard | SMRT: an active-passive microwave radiative transfer model for snow with multiple microstructure and scattering formulations (v1.0)[END_REF]. Future work should apply these new snow models to Iapetus, to better derive the characteristics of the trailing hemisphere's subsurface causing its enigmatic drop in emissivity at 3 to 8 mm. On the leading side of Iapetus, new 1.2 and 2.0 mm observations acquired with the NIKA2 instrument on the Institut de Radioastronomie Millimétrique (IRAM) 30-m telescope, associated with observations from the Green Bank Telescope (GBT) and the Sub-Millimeter Array (SMA), point to very fast changes in emissivity within the top few centimeters of the subsurface; the explanation we favor is rapidly decreasing porosity with depth. At wavelengths longer than 3.3 mm, GBT, Karl G. Jansky Very Large Array (VLA), and Cassini radiometry data all indicate a decreasing brightness temperature, particularly at 30 mm. This result is consistent with the presence of an icy substrate below decimeters of emissive material, which is increasingly probed as the wavelength increases. On the trailing side, multi-wavelength microwave radiometry confirms low brightness temperatures within wavelengths between ∼3 and ∼8 mm. The cause of this dip in the microwave spectrum is likely very efficient scattering by millimeter-sized particles.

To investigate further the puzzling microwave properties of Saturn's satellites' icy regolith, both theoretical and numerical modeling of the cm-wavelength scattering properties of porous, fractured, or otherwise inhomogeneous media is necessary. For example, the TEMSI-FD code designed to simulate individual interactions of electromagnetic waves with simulated media can be applied to radar observations icy moons (see Section 6.5). Meanwhile, radiometry data can be simulated by microwave emissivity model such as the MEMLS (Microwave Emission Model for Layered Snowpacks) or the Snow Microwave Radiative Transfer (SMRT), though particular care should be taken when applying models tested on Earth to the very different conditions existing on Saturn's moons.

In parallel, microwave radar and radiometry field studies of the thermal, dielectric, and scattering properties of ices and snows of varying porosity and grain size on Earth could provide the ground truth both to constrain the models and to interpret the observations. Of course, such an approach is not straightforward either. Naturally occurring ices and snows on Earth are affected by processes that do not take place on atmosphere-less icy moons, including high enough temperatures and pressures to melt ice. Liquid water has a very high dielectric constant and loss tangent, and its presence even in small quantities dominates microwave radar/radiometry signals. Even in very cold conditions, ices and snows on Earth have complicated vertical structure associated with varying temperatures and precipitation. Nonetheless, a lot could be learned from the vast literature of radar and radiometry observations of ices on Earth, especially when using the emissivity models based on them.

Escaping the complexity of the natural world, laboratory simulations of planetary environments in controlled conditions can give more precise information on the interdependence of subsurface properties. Re-creating the environment of Saturn's icy satellites in a laboratory is difficult, as it would ideally involve meters-thick ice with varying controlled properties (grain size, porosity, non-icy contaminant composition and amount...) at very low temperatures (about 30 to 100 K), in quasi-vacuum. Yet, similar experiments have been undergone and continue today, e.g. at the Ice Laboratory at the University of Bern in Germany for the study of cometary ices, and at ESAC (the European Space Astronomy Centre) in Spain, to measure the dielectric and thermal properties of ices in preparation for the JUICE mission. The results of such studies can greatly improve our understanding of Solar System ices, and may be of great help in the interpretation of the results presented herein.

Another crucial tool for the analysis Saturn's icy moons is a multi-layer thermal model. Indeed, our simulations have used thermal models in which the thermal inertia is independent of depth; yet the ensemble of our and past results, especially from CIRS, point to an increase of the thermal inertia with depth. On Iapetus, the icy substrate below the non-icy optically dark material should also be modeled, implying the use of a 2-layer model at the least. Varying the thickness of the overlying layer and the dielectric and its thermal properties may help determine these parameters, although the data may not be sufficient in number and diversity to accurately constrain multiple parameters simultaneously.

Therein lies the ultimate caveat of outer Solar System science: more data is needed. Fortunately, in this case, more data can be acquired. Chapter 7 has already detailed the advantages of ground-based multi-wavelength microwave radiometry of Iapetus, and the future VLA observations that are planned for next winter. Resolved analysis of the data already acquired and of the future VLA observations will be undergone by comparison with simulated temperature maps. Atacama Large Millimeter/submillimeter Array (ALMA) data would be extremely useful, both to complete Iapetus's millimeter-wavelength spectrum, and to resolve longitudinal and latitudinal variations. However, other radio telescopes around the world can also be considered for millimeter-wavelength diskintegrated observations of Iapetus, including for example the Northern Extended Millimeter Array (NOEMA) in France, the Combined Array for Research in Millimeter-wave Astronomy (CARMA) in the USA, the Nobeyama Radio Observatory in Japan (NAOJ), the Sardinia Radio Telescope (SRT) in Italy, or the enhanced Multi Element Remotely Linked Interferometer Network (e-MERLIN) in the UK. Such observations would help confirm the results presented herein and refine the Iapetus spectrum with data at multiple wavelengths. Moreover, Saturn is occasionally used as a calibration source: data which includes its icy satellites may have already been gathered, and examining telescope observation archives may prove to be helpful. At longer (decimeter to meter) wavelengths, Iapetus becomes increasingly difficult to separate from Saturn, while at the same time the brightness of Iapetus decreases: such observations may not be possible. Nonetheless, high-sensitivity and resolution arrays exist, such as the Giant Metrewave Radio Telescope (GMRT) in India, while the worldwide Square Kilometre Array (SKA) will be finished in 2025, leading to improved resolutions and sensitivities at wavelengths comparable to the VLA's.

Of course, Iapetus is not the only icy moon that can be observed from Earth-based radiotelescopes. Rhea, which is the same size as Iapetus but much closer to Saturn, may be possible to detect with the ALMA and VLA telescope, and in the future with the SKA. Ku-band radiometry from the Earth would provide crucial daytime data to complement the Cassini night-time observations, enabling better constraints of the thermal inertia in Rhea's equatorial regions. Saturn's icy satellites can also be compared to those of the other planets. Very little is know about the microwave properties of the satellites of Uranus, even though they could likely be detected from the most powerful radio telescopes. Oberon and Titania, especially, have maximum elongations of about 60" and 80", which should be sufficient to separate them from Uranus. Meanwhile, the Galilean moons, larger, closer to Earth, and further from their planet than Saturn's moons, are much easier to observe in the microwaves: a multi-frequency observation campaign is currently being conducted by a team at Cal-Tech in preparation for the upcoming missions to the Jupiter system. The Jupiter, Saturn, and Uranus systems are vastly different in terms of heliocentric distance, inclination, magnetosphere, tides, and rings. Comparing the microwave properties of icy moons in these varied environments can help us understand the ways in which different processes shape icy subsurfaces.

Finally, radars and radiometers on spacecraft provide unique coverage and (often) resolutions. Although no future spacecraft are planned to explore Saturn's icy satellites, the Juno spacecraft currently orbiting Jupiter will likely conduct microwave radiometry observations of Europa, and two missions to the Galilean satellites are planned: NASA's Europa Clipper mission, and ESA's JUpiter ICy moons Explorer (JUICE) mission. Subsurface characterization is a key goal of both of these missions. The Galilean moons share several features with Rhea, Dione and Iapetus, especially concerning their microwave properties (see Section 2.5). Finally, the Dragonfly mission to Titan's surface will examine a surface which, in spite of undeniable differences with Rhea due to the abundance of organics and erosional processes, is also an icy surface where microwaves observations show the key role of volume scattering. The knowledge gained in the next few decades on Europa, Ganymede, and Titan will teach us about icy moons in general.

Figure 1 .

 1 Figure 1.2 -The Paris observatory in 1705, in an engraving by Coquart. Note the Marly tower on the right, which was used to hold lenses with very large focal lengths. A thread was pulled from the lens to the eyepiece to aid in finding the telescope's focal point, a difficult and pain-staking process which led to the discovery of four satellites of Saturn.

Figure 1 .

 1 Figure 1.5 -Cassini ISS views of Iapetus. a) Leading hemisphere view: the dark terrain (Cassini Regio) does not extend to the North pole. Note also the equatorial ridge. (PIA06166) b) Trailing hemisphere view: the dark terrain extends to part of the trailing at the equator. (PIA08384) c) and d) Close-up views of the boundary between bright and dark terrains near the equator. (PIA08373 and PIA08375) e) Limb view of the equatorial ridge. (Credit: NASA/ESA/JPL/Space Science Institute (SSI)/Cassini Imaging Team)

Figure 1 .

 1 Figure 1.7 -Cassini views of Rhea. a) ISS image of graben systems on Rhea. Note also the heavily cratered surface (PIA14654). b) Map of the absorption band depth at 2 µm as seen by VIMS. Deeper band depth is linked to increased abundance in water ice, whereas lower values indicate the presence of non-icy contaminants (silicates or organics). The bright yellow region is centered at Inktomi crater (14.1 • S, 112.1 • W). Map from Stephan et al. (2012). c) IR/UV ratio image of equatorial patches. The thin black line marks a latitude of -1.3 • N. The image extends from 50 to 100 • W and from 20 • S to 20 • N. Figure from Schenk et al. (2011). d) Enhanced 3-color composite of the 40-km-wide Inktomi crater and part of its ejecta blanket. (Credit: NASA/ESA/JPL-CalTech/SSI/LPI/Cassini Imaging Team/Paul Schenk.)

Figure 1 .

 1 Figure 1.8 -Cassini views of Dione. a) ISS image of Dione's sub-Saturn hemisphere (centered on 0 • N, 350 • W). The location of Creusa crater (49 • N, 76 • W) is indicated. Figure from Hirata (2016b). b) Map of the absorption band depth at 2 µm as seen by VIMS. Deeper band depth is linked to increased abundance in water ice, whereas lower values indicate the presence of non-icy contaminants (silicates or organics). Map from Stephan et al. (2010). c) ISS image of graben systems on Dione's trailing hemisphere (wispy terrain). (PIA18327) d) Smooth plains of Dione's leading hemisphere, with a close-up of unusual walled depressions. Figure from Kirchoff and Schenk (2015).

Figure 1 .

 1 Figure 1.9 -Cassini views of Tethys. a) ISS view of Ithaca Chasma (PIA09918). b) Stereoderived Digital Elevation Model (DEM) of Tethys's leading hemisphere, showing the Odysseus impact basin in the upper left. Total relief is ∼ 10 km. (PIA13701) c) Enhanced-color mosaic of the unusual red streaks of Tethys (PIA19637). (Credit: NASA/ESA/JPL-CalTech/SSI/LPI/Cassini Imaging Team/Universities Space Research Association.)

  Figure 1.10 -Cassini views of Enceladus. a) ISS image of the water ice plumes at Enceladus's South pole, from Porco et al. (2014) (PIA11688). b) Cassini ISS backlit view of Enceladus within the E ring. Tethys is also visible (PIA08321). c) ISS high-resolution observation of the Enceladus South Polar Terrain (SPT), at resolutions of ∼ 37 m/pixel and (inset) ∼ 4 m/pixel (PIA06251 and PIA06252). d) Heat map of the active SPT obtained by Cassini CIRS, superimposed on an ISS mosaic (PIA10361). (Credit: NASA/ESA/JPL-CalTech/SSI/LPI/Cassini Imaging Team)

Figure 1 .

 1 Figure 1.11 -Cassini views of Mimas. a) ISS image of Mimas's trailing hemisphere, showing linear grooves (PIA18292.) b) Left: ISS mosaic of Mimas. The large impact basin is Herschel crater (0 • N, 100 • W). Right: Daytime temperatures measured by CIRS overlain on the ISS mosaic. The low-temperature region ("PacMan") corresponds to the lens-shaped blue region in Fig. 1.6. Low daytime temperatures in spite of similar albedos are due to high thermal inertia (PIA12867). Credit: NASA/JPL-CalTech/GSFC/SWRI/SSI
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 11 Advantages of microwave remote sensing
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 21 Figure 2.1 -The electromagnetic spectrum. (Credit: Sapling learning)
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 24 Figure 2.4 -Ray representation of wave reflection and transmission from vacuum into a perfectly smooth and uniform surface at oblique incidence. The electric field of the incident wave is divided into its components perpendicular and parallel to the plane of incidence.

Figure 2

 2 Figure 2.5 -Reflectivity Γ in parallel (continuous lines) and perpendicular (dashed lines) polarizations, as a function of incidence angle for four different values of the dielectric constant (near 13.78 GHz), typical of four different media (liquid water at 20 • C, a silicate, water ice, and a loose, highporosity medium). At the Brewster angles θ B , the parallel polarization reflectivity Γ is null.
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 26 Figure 2.6 -(a) Monostatic radar cross-section of a perfectly conducting sphere as a function of the radius-to-wavelength ratio a/λ. Figure from Kostylev (2007). (b) Scattering regimes for different wavelengths and particle sizes. Scattering from a perfectly conducting sphere peaks at a/λ = 1/2π, within the Mie regime. The boundaries between the different regimes shown here are indicative; the borders are not actually strictly defined.

Figure 2

 2 Figure 2.7 -Schematic representation of the effect of volume scattering on (a) an incoming radar signal and (b) an outgoing radiometry signal.

Figure 2

 2 Figure 2.8 -SAR images of rocky Solar System surfaces a) Magellan SAR image of lava flows crossing a ridge belt on Venus, centered at (25 • E, 47 • S; North is to the right) (PIA00486). Credit: NASA/JPL b) Arecibo radar image of Mercury's North polar region, showing higher radar backscatter from water ice in permanently shadowed craters. Figure from Harmon et al. (2011). c) Arecibo radar image of the Elysium region, including radar-bright rough lava flows. Figure from Harmon et al. (2012). d) Top: Kaguya (JAXA) Terran Camera image of barely apparent impact melt flows northeast of Aristillus, on the Moon. Middle: Mini-RF total power SAR image featuring clearly visible radarbright impact melt. Bottom: Mini-RF circular polarization ratio (CPR) overlaid on the total power image; impact melts have higher CPR than surrounding terrains. Arrows point to the impact melt flows. Figure adapted from Carter et al. (2012).

Figure 2

 2 Figure 2.9 -a) Top: Radargram of the North Polar layered deposits of Mars from SHARAD orbit 5192. Bottom: Ground track of SHARAD (orbit 5192) shown on a Digital Elevation Model (DEM) derived from Mars Orbiter Laser Altimeter (MOLA) data. Elevation range is -4.5 (green) to -2 km (white). Figure from Phillips et al. (2008). b) Top: Radargram of Titan's Ligeia Mare from Cassini orbit T91. Bottom: Radar altimeter ground track during Cassini orbit T91, shown on the T29 SAR image of Ligeia Mare. Figure from Mastrogiuseppe et al. (2014).

Figure 2 .

 2 Figure 2.10 -a) Thermal emission from Saturn (left) and its rings (right) in the X-band (∼3 cm; top) on 25 January 2015 and in the U-band (∼2 cm; bottom) on 24 January 2015, as measured by the VLA. Figure adapted from Zhang et al. (2019). b) Thermal emission from comet 67P Churyumov-Gerasimenko at 1.6 mm by the Microwave Instrument for the Rosetta Orbiter (MIRO), with an image of illuminated side of this comet's nucleus by the Rosetta/OSIRIS instrument for reference. Credits: ESA/Rosetta/MPS/MIRO/NASA/JPL-Caltech/Choukroun et al., 2015.

Figure 2 .

 2 Figure 2.11 -Planck's blackbody radiation law for the Cosmic Microwave Background (CMB), a typical Saturn satellite, and the Sun. The Rayleigh-Jeans law is also indicated for the typical Saturn satellite.

Figure 2 .

 2 Figure 2.13 -Disk-integrated brightness temperatures T B , from de Pater et al. (1989), Muhleman and Berge (1991), and references therein. All observations are taken from ground-based radiotelescopes, and therefore correspond to the local day (near noon at the disk center). Centimeter wavelength observations were obtained with the VLA.

Figure 2 .

 2 Figure 2.14 -Brightness temperature images of Europa (top) and Ganymede (bottom) as observed by ALMA at 1.3-mm (left) and predicted using a thermal model including an albedo map (right). For Europa, the location of the potential plume source region and Galileo thermal anomaly is circled in white, where the size of the circle corresponds to the size of the ALMA resolution element. Europa data is from Trumbo et al., 2017 and Ganymede data from de Kleer et al., 2019. Ganymede (2630 km diameter) and Europa (1560 km diameter) are not to scale. For Europa but not for Ganymede, the thermal model output has been convolved with the beam pattern.
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 2 Figure 2.15 -a) Global emissivity map of Titan obtained from Cassini radiometry. b) Amplitude of volume scattering derived from the emissivity data. f vol is the probability that a photon entering the surface scatters and escapes from the subsurface before it is absorbed (where 0.25 corresponds to 25% probability). c) Comparison of Titan feature backscatter curves. Xanadu and hummocky terrains are the most radar-bright terrains on Titan, whereas dunes and plains are the most radar-dark after methane lakes and seas. The "cryovolcanic" terrain, which may also correspond to evaporite deposits (MacKenzie et al., 2014), seems to have a different scattering mecanism than elsewhere. Figure from Wye (2011). d) NRCS σ 0 measured by the Cassini radar in scatterometry mode. The large lowemissivity and radar-bright region centered on 110 • W in longitude and the Equator is Xanadu. Figure adapted from Janssen et al. (2016).

Figure 2 .

 2 Figure 2.16 -a) Stereographic polar projection of active and passive radar observations of Enceladus's South Polar Terrain acquired during the closest approach of flyby E16. a) E16 SAR image overlaying an ISS color mosaic (PIA18435). b) E16 brightness temperature map overlaying a visible-light ISS mosaic (PIA14937). Figure from Le Gall et al. (2017).
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 31 Figure 3.1 -Cassini radar/radiometer beam 3 pattern out to 2 • , obtained by combining a 2001 Sun scan and preflight main beam characterization[START_REF] Janssen | Titan's surface at 2.2-cm wavelength imaged by the Cassini {RADAR} radiometer: Calibration and first results[END_REF][START_REF] West | Cassini RADAR Sequence Planning and Instrument Performance[END_REF]. Within the half power beam width of 0.373 • , the main beam is Gaussian. The x and y directions correspond to the spacecraft coordinates.

Figure 3

 3 Figure 3.4 -Geometry of an icy satellite resolved radiometry/scatterometry observation. In order to take into account foreshortening, polar flattening, and variable spacecraft orientations, all data are projected onto the x-y plane pictured here. (a) Side view. Note that the antenna points in the spacecraft -z C direction (b) Projected view on the x-y plane. In these coordinates, the antenna footprint is circular. The angle p gives the direction of the electric field (along the x-axis of the Cassini spacecraft, x C ), which is the direction of parallel polarization.
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 3 Figure 3.5 -(a) Boresight pointing directions (red points) during the five-point IA00B active stare observation, shown over the projected ISS 3-color composite of Iapetus (PIA18436). The beam size at the beginning of the observation is indicated in green. (b) Cassini 2.2-cm radar echo power spectrum (black circle symbols) acquired during the IA00B stare observation and best-fit model (red line); extracted from Ostro et al. (2006).

Figure 3

 3 Figure 3.6 -(a) Averaged 2.2-cm disk-integrated radar albedos A disk SL-2 of Saturn's major satellites. The error bars show the dispersion of the data set for each satellite, whereas the statistical uncertainties on the derived albedos (inferred from the goodness of the fit) are smaller than the size of the symbols. (b) A diskSL-2 measured on the leading and trailing hemispheres of each of Saturn's satellites. Note that the large uncertainty on Rhea's leading hemisphere is due to the strong contrast between the radar-bright ejecta blanket of the Inktomi crater and the radar-darker rest of Rhea's leading side.

Figure 3

 3 Figure3.7 -Radar footprints on each targeted icy satellite, for all active distant stare observations. The color code indicates the value of the derived radar albedo A disk SL-2 for each line of observations. The Inktomi ejecta blanket is indicated on Rhea. For all satellites except Phoebe (which is not synchronous), the leading side is centered at -90 • E and the trailing side at 90 • E.
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 3 Figure 3.8 -(a) Determination of the backscatter model parameter n for the Rhea scatterometry observation (flyby RH127). Best-fitting values n f are plotted for each initial assumed value n 0 , for the Inktomi Ejecta Blanket Region (IEBR) (red) and for the rest of Rhea (black). The n f = n 0 line is plotted in blue. The inset displays the projected ISS 3-color composite of Rhea (PIA18438); the boresight pointing direction is shown with a red dot for IEBR observations and a black dot for the remaining Rhea scatterometry observations. The FWHM beam size is shown in green at the beginning (larger beam size) and end (smaller beam size) of the RH127 scan. The Inktomi crater is circled in yellow. (b) The Rhea backscatter data σ 0avg is plotted against the effective incidence angle θ eff , and the best fit diffuse backscatter model is plotted in magenta for the IEBR and blue for the remaining data. The parameters of each fit (a, n) are given, as well as the derived radar albedo.
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 3 Figure 3.9 -Same as Fig. 3.8 for the Dione scatterometry observation (flyby DI163). The leading (black) and trailing (red) hemispheres are examined separately.
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 3 Figure3.10 -Real aperture radar image built by[START_REF] Wye | Radar scattering from Titan and Saturn's icy satellites using the Cassini spacecraft[END_REF] from the RH127 resolved scatterometry, corrected for incidence effects. Unlike the image presented in Fig.3.11, this data has not been corrected for the pointing offset.
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 3 Figure 3.11 -(a) Cassini view of Rhea during flyby RH127. (b) Normalized backscattering cross sections σ 0 mapped over the disk of Rhea; notice the sharp decrease in radar brightness at high incidence angles. (c) σ 0 corrected to an incidence angle of θ = 32 • , using the diffuse scattering laws given in Fig. 3.8. (d) Same as (c), projected onto the ISS map of Rhea (PIA18438). Inktomi crater is marked with a black ×.
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 3 Figure3.12 -Same as Fig.3.11 for the Dione scatterometry observation (flyby DI163). The range of σ 0 is narrower than for Fig.3.11; note that Dione is in average less radar-bright than Rhea.

Figure 3

 3 Figure 3.13 -(a) Averaged 2.2-cm disk-integrated radar albedos A disk SL-2 versus optical geometric albedo p (from[START_REF] Morrison | The satellites of Saturn[END_REF][START_REF] Verbiscer | Enceladus: Cosmic Graffiti Artist Caught in the Act[END_REF] Hendrix et al., 2018). The best linear fit between these quantities is indicated (black dashed line); it relates p to A disk SL-2 as follows: A disk SL-2 = 1.98p + 0.07. Figure from Le Gall et al. (2019). (b) The mean visual geometric albedo of the inner icy satellites and pole-on reflectance profile of the E ring (continuous line), from Verbiscer et al. (2007).

  Figure 3.13 -(a) Averaged 2.2-cm disk-integrated radar albedos A disk SL-2 versus optical geometric albedo p (from[START_REF] Morrison | The satellites of Saturn[END_REF][START_REF] Verbiscer | Enceladus: Cosmic Graffiti Artist Caught in the Act[END_REF] Hendrix et al., 2018). The best linear fit between these quantities is indicated (black dashed line); it relates p to A disk SL-2 as follows: A disk SL-2 = 1.98p + 0.07. Figure from Le Gall et al. (2019). (b) The mean visual geometric albedo of the inner icy satellites and pole-on reflectance profile of the E ring (continuous line), from Verbiscer et al. (2007).
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 3 Figure 3.14 -E ring mass influx maps onto the surfaces of Mimas, Enceladus, Tethys, Dione, Rhea, and Titan. In each case the color code represents the mass influx normalized to its maximum value. 90 • W and 270 • W are on the leading and trailing side of the moons, respectively. Figure from Kempf et al. (2018).
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 41 Figure 4.1 -Observations of Rhea on March 2, 2010 (flyby RH127), showing all three types of radiometry observations. Top: image of the disk of Rhea as seen by the Cassini spacecraft during each type of observation. The boresight pointing direction is shown with a blue dot for each observation.The half-power beamwidth at the beginning and end of each sequence is shown with a magenta circle. The direction of the electric field (direction of parallel polarization) is indicated with a black double arrow. The background Rhea map is the global enhanced 3-color Rhea mosaic (PIA18438), projected to spacecraft view coordinates. Bottom: Calibrated antenna temperatures during the RH127 observation. The baseline is set to the CMB temperature (2.7 K). The moment the radar transmitter turns ON is indicated with a red arrow. Periods when the radar transmitter was ON and the integration time was shorter than 0.3 s are indicated in red: during these observations, the background temperature is higher due to heating of the receiver. We therefore only use the resolved scan data acquired after minute 366, when the receiver temperature is stable (see Section 4.2.3).
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 4 Figure 4.2 -Illustration of the calibration process for Dione flyby DI050, which consists in a distant scan followed by a five-point stare. The radiometry data can only be used before the radar transmitter turns ON, as the baseline zero level T zero cannot be known after. Note the far sidelobes contribute very little to the signal during this flyby.
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 4 Figure 4.3 -Illustration of the method used to find the x-and y-offsets for scans DI050_1u (top) and RH049_1u (bottom). The antenna temperatures T A are given only for the points where the fit is applied, close to the limbs, where we expect a uniform decrease in T A away from the disk. The outline of the icy satellite's disk is shown in black and the data are projected in spacecraft view coordinates. (a) Pointing offsets are not corrected. (b) The systematic pointing offsets from Zhang et al. (2017a) are corrected in the SPICE kernels. (c) After correcting the systematic offsets to the kernels, the data are fitted by the model described herein and a small residual offset is inferred. This offset is drawn with a black line at the center of the disk; it is of +0.07R Dione x and -0.04R Dione ŷ for DI050_1u, and +0.08R Rhea x and -0.36R Rhea ŷ for RH049_1u. Note that the RH049_1u offset is anomalously large, even after fixing the spacecraft pointing direction in the SPICE kernels; all other inferred residual offsets are of the order of the one found for DI050_1u.
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 4 Figure 4.4 -(a) Example of the extraction of the Gaussian uncertainty σ G for flyby DI050. The difference between smoothed antenna temperatures and observed antenna temperatures, when the average temperature remains constant, is the Gaussian component of the noise. Gaps in the data correspond to rapidly changing antenna temperatures. The distant scan occurs during the first third of the scan, while the rest is a series of five stares, with very short integration times (see Fig. 4.2). (b) The standard deviation of the noise is calculated for each integration time of each flyby. The best fit of the form y = a/ √ x + b is plotted and its equation is given.
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 4 Figure 4.5 -Disk-integrated brightness brightness temperatures T disk B . The leading (latitude <50 • ; longitude of -90±50 • E) and trailing (latitude <50 • ; longitude of +90±50 • E) hemisphere observations are symbolized by squares and triangles, respectively, while all other data are symbolized by a circle. The error bars derived from the fit are of the order of 1-2 K.
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 46 Figure 4.6 -Deconvolved radiometry observations of Saturn's icy satellites, with the sub-spacecraft coordinates provided for each scan. For daytime observations, the sub-solar point is indicated by a black ×. Note that, apart for Enceladus and Iapetus observations (IA00Band IA049_4), all partially resolved radiometry data were obtained on the night side or in the polar regions. For Rhea, the location of Inktomi crater is marked by a red ×; it is generally associated with lower brightness temperatures. The direction of the antenna electric field (parallel polarization) is shown by a black line. For Enceladus, the outline of the Leading Hemisphere Terrain (LHT) as defined by Crow-Willard and Pappalardo (2015) is drawn;[START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF] found a 30% decrease in thermal emission within this region.
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 51 Figure 5.1 -Diagram of an orbit of Saturn around the Sun (in 29.36 Earth years), showing the orbit of a Saturn satellite with low inclination (e.g., Dione or Rhea). The side of the satellite illuminated by the Sun is indicated at each solstice and equinox, for four positions of the satellite. Saturn's northern winter solstice currently almost coincides with its perihelion. The diagram is not to scale.

Figure 5 . 2 -

 52 Figure 5.2 -Yearly average of the incident solar flux at all latitudes (with a latitudinal step of 10 • ), on (a) Dione, (b) Rhea, and (c) Iapetus. Close-up of the yearly average of the incident flux at 50 • N and 50 • S, on (d) Dione, (e) Rhea, and (f) Iapetus. (g) Incident flux F i at three different locations on Rhea's surface for two Rhea days (4.52 Earth days; see Table1.1), including at the time of RH127 observation, which is outlined in gray. The Northern spring equinox was on August 11, 2009, less than a year before this observation; the South pole is therefore in permanent shadow and receives zero solar flux. For about a year before and after the equinox, Rhea passes through Saturn's shadow, causing the dips in solar flux seen here on February 26 and March 2. These eclipses only affect the sub-Saturn side of Rhea.

  , though Howett et al. (2018) accounted for radiation from Saturn. With a Saturn bolometric Bond albedo of A Saturn B = 0.34, an icy satellite infrared albedo A icysat IR = 0.95, and the icy satellite bolometric Bond albedo values discussed hereafter (Section 5.1.

Figure 5

 5 Figure 5.3 -Bolometric Bond albedo maps of Dione (adapted from[START_REF] Blackburn | Exploring the Impact of Thermal Segregation on Dione Through a Bolometric Bond Albedo Map[END_REF] and Iapetus[START_REF] Blackburn | A bolometric Bond albedo map of Iapetus: Observations from Cassini VIMS and ISS and Voyager ISS[END_REF].

Figure 5

 5 Figure 5.4 -Temperature profile with depth at the sub-Saturn point (0 • E, 0 • N) on Rhea on 2 March 2010 (during the RH127 observation), for three different values of the thermal inertia I. The profile extends down to (top) 0.3 m into the subsurface to highlight the diurnal thermal wave and (bottom) 10m to highlight the seasonal thermal wave. At 0 • E longitude, the local time is just before noon, hence the high surface temperature. The diurnal thermal skin depth is marked with a circle and the seasonal skin depth with a cross for each thermal inertia. When the thermal inertia increases, the diurnal dip in temperature is located at a greater depth and is wider but also less strong.

Figure 5

 5 Figure 5.5 -Temperature maps at four different depths, for a thermal inertia of I = 10 MKS, for (left) Rhea on 2 March 2010 (RH127 observation) and (right) Dione on 27 March 2012 (DI163 observation). On Dione, the bolometric Bond albedo map shown in Fig. 5.3 is used, whereas on Rhea a uniform bolometric Bond albedo of A B = 0.55 is assumed.
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 56 Figure 5.6 -Effective temperature maps in spacecraft view coordinates, for (left) Rhea during the RH127 observation, with a uniform bolometric Bond albedo of 0.55, and (right) Dione during the DI163 observation, using the albedo map pictured in Fig. 5.3. The effective temperatures are shown for a low (I = 20 MKS) and a high (I = 500 MKS) value of the thermal inertia, and for three different values of the skin depth ratio r = δ el /δ day th . Both observations are centered at 0 • latitude, but RH127 covers the anti-Saturn side whereas DI163 is on the sub-Saturn side (the optically dark trailing hemisphere is on the right). Local times at the center of the disk are midnight for Rhea and 8 PM for Dione.

Figure 5

 5 Figure 5.7 -Simplified map of the backscatter over Rhea. The IEBR is modeled as a 2-dimensional Gaussian increase in backscatter.

Figure 5

 5 Figure 5.8 -Visualization of the Combined Emissivity-Backscatter (CEB) model for the following parameter values: ε ′ r = 1.15, I = 250 MKS and r = 100. The quasi-specular component 1 -R(ε ′ r ) and the simplified scatterometry map σ 0 /(2n cos n θ eff ) used in the diffuse component of the emissivity model are shown in the first two diagrams, followed by the effective temperature map T eff (I, r) and the resulting brightness temperature distribution T B (I, r, ε ′ r , f ) = e(ε ′ r , f ) × T eff (I, r). The positions of the Brewster angles (where R(ε ′ r ) = 0) are shown with circles; Inktomi is marked with an ×. All maps are shown as seen by the Cassini spacecraft at the time of the RH127 observation (the sub-spacecraft latitude was 0 • N).

Figure 5 .

 5 Figure 5.10 -Left: Outline of the IEBR, overlain on the enhanced three-color Rhea ISS mosaic from Schenk et al. (2011). The position of Inktomi crater is indicated. Right: Outline of Cassini Regio, overlain on the enhanced three-color Iapetus ISS mosaic from Schenk et al. (2018) (PIA 18436).
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 61 Figure 6.1 -Disk-integrated emissivities for different combinations of thermal inertia and skin depth ratio derived from all scans of Iapetus. Oblique lines indicate constant values of the electrical skin depths δ el . Electrical skin depths below 10 cm (<5 times the wavelength), which often yield high emissivities, are unlikely in a water-ice regolith; they are therefore grayed out. The sub-Saturn point is at 0 • E and the anti-Saturn point at +/-180 • E. The background map is the global enhanced 3-color Iapetus mosaic (PIA 18436). The bolometric Bond albedo map shown in Fig. 5.3 is used as input to the thermal model. As in Le Gall et al. (2014), these data require a higher leading than trailing hemisphere emissivity.

Figure 6 .

 6 Figure 6.2 -Absolute value of the difference between the disk-integrated emissivities on the trailing side of Iapetus, inferred from the IA00C (January 2005, midnight local time) and IA049-4 (September 2007, 10 AM local time) scans. Because both regions observed are dominated by the optically bright trailing hemisphere terrain, they should have very similar 2-cm emissivities. The difference in emissivities between flybys is shown up to the quadratic sum of the 1-σ uncertainties on the emissivities of each scan (see Section 4.2.5).

  Fig.6.4 displays the derived emissivities for each (I, r) combination, on each scan of Enceladus. Here, we assume a uniform bolometric Bond albedo of A B = 0.85, the same value used by[START_REF] Ostro | Cassini {RADAR} observations of Enceladus, Tethys, Dione, Rhea, Iapetus, Hyperion, and Phoebe[END_REF] and within the range of estimates from infrared data (see Table5.2). In reality, the albedo is expected to be fairly variable over the surface (e.g.,[START_REF] Pitman | Disk-integrated bolometric Bond albedos and rotational light curves of saturnian satellites from Cassini Visual and Infrared Mapping Spectrometer[END_REF][START_REF] Howett | Thermal inertia and bolometric Bond albedo values for Mimas, Enceladus, Tethys, Dione, Rhea and Iapetus as derived from Cassini/CIRS measurements[END_REF]. To first order, modeled physical temperatures are proportional to (1 -A B ) 1/4 . Thus, lower values of A B would yield lower derived emissivities than shown here. The leading hemisphere, which already features some of the lowest derived emissivities, is expected to have a lower albedo than the rest of Enceladus[START_REF] Pitman | Disk-integrated bolometric Bond albedos and rotational light curves of saturnian satellites from Cassini Visual and Infrared Mapping Spectrometer[END_REF], which would result in even lower emissivities. This is consistent with the large-scale low-emissivity leading hemisphere terrain detected by[START_REF] Ries | A large-scale anomaly in Enceladus' microwave emission[END_REF], and also apparent in the deconvolved maps ofFig. 4.6. 

Figure 6 .

 6 Figure 6.4 -Same as Fig; 6.1, for Enceladus. The background map is the global enhanced 3-color Enceladus mosaic (PIA 18435).In the absence of bolometric Bond albedo map, a uniform bolometric Bond albedo of 0.85 is assumed. In reality, the albedo is expected to be fairly variable over the surface (see Table5.2). An albedo lower than 0.85 would yield lower emissivities than shown here.

Figure 6 .

 6 Figure 6.5 -Absolute value of the difference between the disk-integrated emissivities at the Sub-Saturn side inferred from the EN003 (February 2005, ∼1 AM local time) and EN032 (November 2006, ∼11 AM local time) scans. The difference in emissivities between flybys is shown up to the quadratic sum of the 1-σ uncertainties on the emissivities of each scan.

Figure 6 . 6 -

 66 Figure 6.6 -Same as Fig; 6.1, for Dione. The background map is the global enhanced 3-color Dione mosaic (PIA 18434). The bolometric Bond albedo map shown in Fig. 5.3 is used as input to the thermal model.

Figure 6 .

 6 Figure 6.7 -Absolute value of the difference between the disk-integrated emissivities at the Sub-Saturn side inferred from the DI016 (October 2005, 1 AM local time) and DI163 (March 2012, 7 PM local time) scans. The difference in emissivities between flybys is shown up to the quadratic sum of the 1-σ uncertainties on the emissivities of each scan.

Figure 6 .

 6 Figure 6.8 -Same as Fig; 6.1, for Rhea. The background map is the global enhanced 3-color Rhea mosaic (PIA 18438). A uniform bolometric Bond albedo of A B = 0.55 is assumed.

Figure 6 .

 6 Figure 6.9 -Absolute value of the difference between the disk-integrated emissivities at (a) the South pole inferred from the RH011 (July 2005) and RH177 (December 2012) scans; (b) the Anti-Saturn side inferred from the RH022 (March 2006, 11:30 PM local time) and RH127 (March 2010, midnight local time) scans.The difference in emissivities between flybys is shown up to the quadratic sum of the 1-σ uncertainties on the emissivities of each scan. On the South pole, the skin depth ratio must lie approximately between 100 and 1000. On the anti-Saturn side, the seasonal temperature variations are insufficient to permit the derivation of any constraints with this method.

Figure 6 .

 6 Figure 6.11 -2-σ best fitting ellipses in the (I,r) domain for the South pole (> 50 • S), for four different values of the bolometric Bond albedo A B and for ε ′ r = 1.2. Note that the derived ratio remains the same, but the inferred thermal inertia and the electrical skin depth δ el decrease with increasing albedo. The value of the emissivity at nadir for the best fit parameters is indicated; as expected it increases with albedo.

Figure 6 .

 6 Figure 6.12 -Residual maps after fitting the model to all Rhea data, (a) Assuming emissivity is uniform over the whole satellite (b) Excluding data with an Inktomi contribution > 2% (c) Modeling the Inktomi ejecta blanket as a change in emissivity, Gaussian with distance from Inktomi. (d), (e), and (f) use the same treatment of Inktomi as (a), (b), and (c), respectively, while dividing f into 45 • latitude and longitude bins. In each map, the position of the Inktomi ejecta blanket is indicated by a black circle.

Figure 6 .

 6 Figure 6.13 -Maps of thermophysical properties for Rhea derived from CIRS data by Howett et al. (2014). The base-map is the Rhea ISS map PIA08343. The black solid contour shows the approximate edge of the Inktomi ejecta blanket, whilst the dark circle at 14.1 • S and 112.1 • W shows the location of the Inktomi crater. Note that the positions of the leading and trailing hemispheres are inverted in these maps as compared to other maps herein. (a) Bolometric Bond albedo map of Rhea. (b) Thermal inertia map of Rhea.

Figure

  Figure 6.14 -Emissivity map assuming a uniform albedo A B = 0.55, using all available data. The emissivity is assumed constant in every 45×45 • latitude/longitude bin. There is no data available in the white regions; the emissivities between 45 and 65 • N are based on a few limb observations and are less reliable. Because emissivity and albedo cannot be separated, apparent lower emissivity regions observed in this map may instead be caused by locally higher bolometric Bond albedos (and vice versa for high emissivity regions).

Figure 6 .

 6 Figure 6.15 -Results of the fitting procedure in the South pole of Rhea (>50 • S), assuming a uniform emissivity map and a bolometric Bond albedo of A B = 0.72. (a) 2-σ best fitting ellipses in the (I,r) domain. (b) 2-σ best fitting ellipses in the (I,ε ′ r ) domain. (c) 2-σ best fitting ellipses in the (r,ε ′ r ) domain. (d) Observed and best-fit modeled antenna temperatures T A , given as a time sequence. Vertical dotted lines separate the data from different flybys, in order: RH011 (July 2005), RH045 (May 2007), RH049 (August 2007), RH127 distant then resolved (March 2010), and RH177 (December 2012). The southern fall equinox occurred in August 2009, between the RH049 and RH127 flybys, as indicated. Note that the 2005 temperatures (RH011) are the lowest even though they are in summer, because the resolution of this dataset is among the worse of all. (e) Modeled T A for I and r constant, and ε ′ r varying. (f) Modeled T A for ε ′ r and r constant, and I varying. (g) Modeled T A for ε ′ r and I constant, and r varying. Note that both the thermal inertia and the skin depth ratio are reasonably well constrained due to the observations at different seasons, whereas the dielectric constant is determined from the higher-resolution datasets (RH127 and RH177).

Figure 6 .

 6 Figure 6.17 -Absorbed solar and Saturn fluxes over three Rhea days, including during the RH018 flyby on 27 November 2005 (gray shaded line). Fluxes are shown for ±50 • N and for the equator, on the sub-Saturn side; the absorbed Saturn flux is the same at 50 • N and 50 • S. The Saturn flux shown here includes both thermal infrared emission from Saturn, and solar radiation reflected on the illuminated part of Saturn. Absorbed fluxes were calculated for a Rhea bolometric Bond albedo of 0.55.

Figure 6 .

 6 Figure 6.18 -(a) Modeled temperature variations with depth on Rhea's sub-Saturn side on 27 November 2005 (during the RH018 flyby), for low (I = 10 MKS) and high (I = 1000 MKS) thermal inertias, down to six seasonal thermal skin depths. As in Fig. 6.17, results at 50 • S, 0 • N, and 50 • N are shown. (b) Contribution to the temperature from solar radiation reflected by Saturn, calculated as the difference between the temperature profiles with and without accounting for this flux. (c) Contribution to the temperature from Saturn's thermal infrared radiation, calculated as the difference between the temperature profiles with and without accounting for this flux. Absorbed fluxes were calculated for a Rhea bolometric Bond albedo of 0.55. Note that, even though Saturn's flux is latitudinally symmetric around the equator, Saturn's net contribution to the temperature is not. Instead, Saturn's IR and visible contributions to the temperature are both roughly inversely correlated to the temperature, because temperature depends non-linearly on flux. The infrared component is generally more significant, except near the surface during the local night, when Saturn's IR and visible fluxes are equivalent.

Figure 6 .

 6 Figure 6.19 -Same as Fig.6.14, except Saturn's contribution to the incoming flux is now accounted for in the model. Note that, while the sub-Saturn anomaly remains, its amplitude is decreased.

Figure 6 .Figure 6 .

 66 Figure 6.20 -Residual maps after fitting the model to all Dione data, (a) assuming the emissivity is uniform over the whole satellite and (b) dividing f (and therefore the emissivity) into 45 • latitude and longitude bins. (c) Residual map assuming uniform emissivity, but fitting only the data at longitudes below -70 • E or above 70 • E, thus masking the sub-Saturn region. (d) Same as (c), but fitting only the data within the sub-Saturn region (0 • E±45 • ). 151

Figure 6 .

 6 Figure 6.23 -Absorbed solar and Saturn fluxes over three Dione days, including during the DI163 flyby on 27 March 2012. Fluxes are shown for ±50 • N and for the equator, on the sub-Saturn side; the absorbed Saturn flux is the same at 50 • N and 50 • S. The Saturn flux shown here includes both thermal infrared emission from Saturn, and solar radiation reflected on the illuminated part of Saturn. Absorbed fluxes were calculated following the Dione bolometric Bond albedo map provided in Fig. 5.3 (Blackburn et al., 2012).

Figure 6 .

 6 Figure 6.24 -(a) Modeled temperature variations with depth on Dione's sub-Saturn side on 27 March 2012 (during the DI163 flyby), for low (I = 10 MKS) and high (I = 1000 MKS) thermal inertias, down to six seasonal thermal skin depths. As in Fig. 6.23, results at 50 • S, 0 • N, and 50 • N are shown. (b) Contribution to the temperature from solar radiation reflected by Saturn, calculated as the difference between the temperature profiles with and without accounting for this flux. (c) Contribution to the temperature from Saturn's thermal infrared radiation, calculated as the difference between the temperature profiles with and without accounting for this flux. Absorbed fluxes were calculated following the Dione bolometric Bond albedo map provided in Fig. 5.3 (Blackburn et al., 2012). The infrared component is much more significant than the visible component, except near the surface during the local night, when Saturn's IR and visible fluxes are equivalent.

a

  For the global fit, we calculate the factor f separately in bins of 30 by 30 • before fitting all data jointly. The values provided here give the full range of f . b The upper bound for tan δ was calculated assuming a thermal inertia of 10 MKS. c The values given herein were calculated for a bulk density of ρ 0 = 992kg/m 3 . The correct value for crystalline water ice is ρ 0 = 918kg/m 3 , leading to an 8% underestimation of depths, and overestimation of tan δ. d The best fit yields unphysical values of e > 1 and f < 0. The values of each parameter beyond which e < 1 and f > 0 are indicated. If the range of values is not affected, "same" is indicated.

Figure 6 .

 6 Figure 6.25 -2-σ best fitting ellipses in the (I,r) domain, for the best-fit values of ε ′ r (see Table6.4 for the other parameters) for each of the 3 regions where the fitting method was applied on Iapetus. The minimum χ 2 r value (χ 2 r,min ) is indicated for each fit. Before mapping these ellipses, the uncertainties on the data are adjusted such that the minimum χ 2 r value is equal to unity: this is inaccurate on the leading hemisphere, where the parameters are not well constrained.

Figure 6 .

 6 Figure 6.26 -Residual maps after fitting the model to all Iapetus data below 50 • latitude, (a) assuming the emissivity is uniform over the whole satellite and b) dividing f (and therefore the emissivity) into 30 • latitude and longitude bins, obtaining the emissivity map provided in Fig. 6.27. High-latitude data is not included because, at the radiometry resolutions, it observes a mixture of bright and dark terrains, and is not representative of the poles. (c) Residual map assuming uniform emissivity, but fitting only the data within the trailing hemisphere terrain. (d) Residual map assuming uniform emissivity, but fitting only the data within the leading hemisphere terrain.

Figure 6 .

 6 Figure 6.27 -Iapetus emissivity map, using all available data below 50 • latitude, corresponding to the residual shown in Fig.6.26. The emissivity is assumed constant in every 30×30 • latitude/longitude bin. Uncertainties on the emissivities are of the order of ±0.04. The leading/trailing boundary, at 0 • E, is only observed near the limbs of observations centered on each hemisphere; a more progressive transition in leading and trailing emissivities is therefore possible.
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 71 Figure 7.1 -Iapetus brightness temperatures found using the Green Bank Telescope (GBT) by Ries (2012) and using the Cassini radiometer (Le Gall et al., 2014 and Table 4.1). Only the three days with the best weather are shown for the GBT dataset. Only two Cassini radiometry observations were selected, representative of the leading (IA049-2) and trailing (IA049-4) hemispheres and acquired near 22h and 10h local time, respectively (whereas all Earth-based data is near local noon).

Figure 7

 7 Figure 7.2 -SMA 1.3 mm (225 GHz) brightness temperatures T disk B found on Iapetus. The average leading and trailing hemisphere values are indicated. These data were gathered and calibrated by Hagen et al. (2014) and Gurwell and Moullet (2020, personal communication).

Figure 7

 7 Figure 7.3 -Compilation of Iapetus brightness temperatures found before 2017 using the SMA by Hagen et al. (2014) and recalibrated by Gurwell and Moullet (2020, personal communication), the GBT by Ries (2012), and the Cassini radiometer (Le Gall et al., 2014 and Table 4.1).
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 74 Figure 7.4 -Map of Iapetus with the sub-Earth point indicated for each date of observation acquired both before (Ries, 2012; Hagen et al., 2014, Gurwell and Moullet 2020, personal communication) and during the present study (triangles). The sub-spacecraft point of the two Cassini radiometry observations used herein is also shown. LH, TH, and mixed locations are shown in red, blue, and magenta, respectively. All Earth-based observations were acquired during the local day, whereas the two Cassini radiometry scans represented here have a local time of 21:49 UTC (IA049-2, on the leading side) and 09:54 UTC (IA049-4, on the trailing side) (see Table4.1). The background image is the ISS 3-color composite of Iapetus (PIA18436).

Figure 7

 7 Figure 7.5 -a) IRAM 30-m telescope in March 2018, during an unsuccessful observation run. In spite of good atmospheric conditions, observations were impossible as the secondary mirror was covered in ice and the primary was fused to the ground by a thick icicle. b) IRAM 30-m telescope on the morning of 28 May 2018, after the first successful detection of Iapetus at 1.2 and 2.0 mm.

Figure 7 . 6 -

 76 Figure 7.6 -Spectral transmission of the three NIKA2 arrays, from Adam et al. (2018) and Perotto et al. (2020). We also show the modeled spectra of Uranus[START_REF] Moreno | Neptune and Uranus planetary brightness temperature tabulation[END_REF] and Titan[START_REF] Lellouch | An intense thermospheric jet on Titan[END_REF], the two sources used for calibration, with arbitrary normalization. Note that Titan has numerous emission lines at these frequencies, which are accounted for in the calibration.

Figure 7

 7 Figure 7.7 -Extended IRAM NIKA2 beam pattern in decibels at a) 260 GHz and b) 150 GHz, derived from averaging 2.5 hours of observations on Saturn on 14 February 2019. Iapetus and Titan have been masked on each individual scan constituting these maps. This figure is similar to the beam maps in Adam et al. (2018) and Perotto et al. (2020), but exposes additional structure because the source (Saturn) is brighter here than in previous analyses (Uranus). At 1.2 mm, numerous spokes are apparent, as well as a ring at ∼200", which is likely caused by diffraction. At 2.0 mm, the quadrupod support structure causes an obvious ×-shape, and a likely diffraction ring is apparent at ∼350". There are also eight 2.0-mm-bright spots (circled in white), whose positions can vary with respect to the rest of the beam. Finally, the bright circle at > 400" at 1.2 mm is most likely an artifact created by applying the atmospheric correction to a very bright source.

a

  Due to poor weather and the proximity of Iapetus to Saturn, Iapetus was not detected at these dates. b Due to the proximity of Iapetus to Saturn and the non-ideal opacity, accurate measurement of the Iapetus flux was difficult, especially at 2.0 mm.
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 78 Figure 7.8 -Observation of Saturn and its satellites on 28 May, 2018. Data is integrated over 22 minutes, from 1:04 to 1:26 UTC. The positions of Rhea, Iapetus, and Titan are indicated; Saturn is in the center. Other rings, lines, and spots up to ∼300" from the center reflect the extended beam pattern of the IRAM 30 m telescope and NIKA2. Rhea and the other mid-sized satellites of Saturn are too close to Saturn to separate.

Figure 7

 7 Figure 7.9 -a) View of Iapetus on 20 March, 2019. Data is integrated over 36 minutes, from 4:58 to 5:40 UTC. Image is shown for the 25x25" window where the fit is applied at 2.0 mm. b) Best fit to the data. The model fitted is a Gaussian over a tilted plane; in this case, the Iapetus flux found is 0.039 ± 0.002 Jy. c) Residual map, with a mean of 0 and a standard deviation of 0.005 Jy.

Figure 7 .

 7 Figure 7.10 -Brightness temperatures derived for Iapetus at (top) 1.2 and (bottom) 2.0 mm, with (left) absolute calibration on Uranus, which is uncontaminated by Saturn but observed at a different time than Iapetus, and (right) absolute calibration on Titan, which is observed at the same time as Iapetus but is noisy due to contamination by Saturn's flux. On February 14, Titan was very close to Saturn and introduces a lot of noise: we prefer to keep the calibration on Uranus. On February 15 and March 12, calibration on Titan only introduces noise without changing the average values significantly: we therefore keep the calibration on Uranus. On March 20 and 21, calibration on Titan is more appropriate, as it strongly affects the derived brightness temperatures, bringing them to values very close to those of March 12. The values shown here are also provided in Table 7.4.

  Figure7.12 -Iapetus microwave spectrum, including the IRAM NIKA2 results, the VLA results, and brightness temperatures found in previous studies[START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF][START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] Gurwell and Moullet, 2020, personal communication). VLA observations of Phoebe are included for comparison.

Figure 7 .

 7 Figure 7.14 -Top: leading (left) and trailing (right) hemisphere 1.3-mm emissivities for all tested combinations of thermal inertia and skin depth ratio. Bottom: Uncertainty on the emissivities derived.For uniform I and r 2cm , the leading hemisphere emissivity must be at least 0.14 higher than on the trailing side. However, the emissivity could be similar on both hemispheres if I and r are very low on the LH, while I is high on the TH.

Figure 7 .

 7 Figure 7.15 -Extracted emissivities assuming a constant thermal inertia of I = 100 MKS and 2.2-cm ratio of r 2cm = 5, values derived by Le Gall et al. (2014) from Cassini 2.2-cm radiometry. All data available within each region (LH, TH, or mixed) is averaged for each wavelength. The maximum possible emissivity of 1 is marked with a black dashed line; values above this point are unphysical, likely indicating different thermal inertia and skin depth ratio then assumed here. A hand-drawn line approximately adjusted to the leading and trailing hemisphere data is added for reference, but does not represented any physical model. Note that, in reality, both the thermal inertia and the skin depth are expected to change with depth. As seen in Section 7.4.3, variations in I and r 2cm cannot eliminate the trends apparent here.

Figure 7 .

 7 Figure 7.19 -a) Ka band (0.9 cm) observation of Iapetus acquired on 28 May 2018, centered at 157 • E,11 • N (anti-Saturn side). The peak flux density is 3.18 × 10 -4 Jy/beam. b) K band (1.4 cm) observation of Iapetus acquired on 3 June 2018, centered at 129 • E,11 • N (mostly trailing side). The peak flux density is 2.34 × 10 -4 Jy/beam. The dimensions of the synthetic beam is indicated with a green ellipse. Both observations were acquired in the extended A configuration of the VLA; the resolution is better at the shorter wavelength. Credit: Bryan Butler. Bottom: modeled effective temperatures for I = 50 MKS and r 2cm = 5 during (c) the 0.9 cm observation and (d) the 1.4 cm observation. The appearance of Iapetus as seen from Earth is shown for each date. On both observations, in both the observed flux and the modeled T eff of the eastern side of Iapetus is warmer: this is both the location of the leading hemisphere (lower albedo) and of late afternoon local times.

Figure 7 .

 7 Figure 7.20 -Schematic representation of the processes causing the subsurface properties observed by Cassini radar and radiometry of Saturn's icy satellites Rhea, Dione, and Iapetus. See text for further details.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  for Saturn's other icy satellites. LH and TH indicate the leading and trailing hemispheres, respectively.

			Total power	Circular	Linear
	Satellite	Wavelength	albedo	polarization	polarization
		λ	A TP	ratios µ C	ratios µ L
	Europa Ganymede Callisto Enceladus Enceladus (LH) Enceladus (TH) Tethys Dione Rhea Titan	3.5 cm 13 cm 70 cm 3.5 cm 13 cm 70 cm 3.5 cm 13 cm 70 cm 13 cm 13 cm 13 cm 13 cm 13 cm 13 cm 3.5 cm	2.31 ± 0.36 2.60 ± 0.22 ≤ 0.95 ± 0.36 1.70 ± 0.40 1.43 ± 0.24 1.53 ± 0.03 1.55 ± 0.20 1.40 ± 0.10 1.39 ± 0.14 1.43 ± 0.06 0.62 ± 0.20 1.44 ± 0.19 0.72 ± 0.06 1.20 ± 0.08 0.69 ± 0.06 1.17 ± 0.04 > 2.2 ≤ 0.18 ± 0.06 1.94 ± 0.31 0.83 ± 0.25 2.55 ± 0.42 1.28 ± 0.41 0.78 ± 0.28 ≤ 0.56 1.45 ± 0.13 1.22 ± 0.21 0.74 ± 0.10 0.81 ± 0.21 1.31 ± 0.05 1.17 ± 0.09 0.16 to 0.43 0.3 to 0.5	0.47 ± 0.07 0.47 ± 0.08 0.55 ± 0.10
	Titan (average) Iapetus (LH) Iapetus (TH)	13 cm 13 cm 13 cm	0.235 ± 0.001 0.46 ± 0.07 0.13 ± 0.04 0.33 ± 0.07 0.17 ± 0.04 0.46 ± 0.10	

Table 3 .

 3 3 -Cassini icy satellite scatterometry observations.

	Satellite Observation	Date	Beam size	Center	Range
		ID		(diameter)	Lon ( • E),	(10 3 km)
				min-max	Lat ( • N)	min-max
	Iapetus Enceladus Enceladus Rhea Dione	IA049_3 EN120 EN156 RH127 DI163	10 SEP 2007 01 NOV 2007 05 NOV 2011 0.006 -0.53 0.07 -0.11 0.39 -1.1 02 MAR 2010 0.11 -0.23 27 MAR 2012 0.32 -0.56 [-4 to -34,-1] 59 -97 [-77,11] 16 -24 [35,-1] 30 -82 variable a 0.5 -42 [-166,1] 26 -56

a Scatterometry during EN156 covers the sub-Saturn, anti-Saturn, and South polar regions.

Table 5 .

 5 1 -Triaxial satellite shapes (in kilometers) used to calculate the incident solar flux. Values are from[START_REF] Thomas | Shapes of the saturnian icy satellites and their significance[END_REF].

		Saturn-facing	Orbit-facing	Polar
	Satellite	radius (a)	radius (b)	radius (c)
		(km)	(km)	(km)
	Mimas	207.4	196.8	190.6
	Enceladus	256.6	251.4	248.3
	Tethys	540.4	531.1	527.5
	Dione	563.8	561.0	560.3
	Rhea	767.2	762.5	763.1
	Iapetus	747.4	747.4	712.4

  for further detail.

	Region	I (MKS)	r = δ el /δ	day th	δ	day th (cm)	δ el (m)	e
	Mean LCL UCL Mean LCL UCL			
	CR RT+ST 163 >200	50 48 ∼560 1000 ∼7.0 3.6	0.5 0.7	100 59 (>15) 4.1 (>1.2) 0.87 (>0.85) 9.5 48 (>14) 1.7 (>1.4) 0.78 (>0.74)

Table 7 .

 7 

	1 -Arecibo (13 cm) and Cassini (2.2 cm) radar observations of Iapetus and Phoebe
		Iapetus Leading Iapetus Trailing	Phoebe
	A disk TP-2.2 A disk TP-13	0.34 ± 0.05 0.13 ± 0.04	0.80 ± 0.13 0.17 ± 0.04	0.30 ± 0.01

Table 7 .

 7 2 -Ground-based radiotelescope observations of Iapetus pre-dating the work presented herein, from Ries (2012),

  Due to the proximity of Titan to Saturn, calibration was difficult and a 5% error should be added.

	λ (mm)	Lat. ( • N)	Long. ( • E)	side Observed	(mJy) Flux	(K) T disk B	Reference
	Mar 2010 3.33 Feb 2011 3.33 Dec 2010 10.8 9.6 8.6 7.8 May 2011 10.8 9.6 8.6 7.8 Nov 2011 10.8 9.6 8.6 7.8 Feb 2011 a 1.33 Feb 2012 1.33 May 2012 1.27 May 2012 1.33 May 2012 1.33 May 2012 1.33 Jun 2012 1.33 Jun 2012 1.33 Jul 2012 b 1.33 Jul 2012 1.33 Jul 2012 1.33 Jul 2012 b 1.33 Aug 2012 a 1.33	10 13 13 12 14 13 15 14 14 14 14 14 14 14 14 14 14 14	30 -104 -131 -108 91 -140 -6 20 -40 -48 -49 -80 -144 111 97 93 34 -81	Mixed Leading Leading Leading Trailing Leading 124.0 ± 10.7 16.5 ± 2.5 23.1 ± 1.0 1.04 ± 0.22 62.3 ± 12.6 66.2 ± 9.7 100.4 ± 4.2 1.64 ± 0.16 76.8 ± 7.2 1.79 ± 0.13 68.1 ± 4.7 2.78 ± 0.25 86.6 ± 7.5 1.77 ± 0.05 79.7 ± 2.2 2.34 ± 0.05 83.0 ± 1.7 2.84 ± 0.05 81.5 ± 1.4 3.57 ± 0.08 84.5 ± 1.8 0.94 ± 0.28 61.38 ± 17.6 1.13 ± 0.13 58.3 ± 6.4 1.06 ± 0.11 44.9 ± 4.4 1.25 ± 0.13 43.8 ± 4.3 88.3 ± 7.2 Mixed 97.1 ± 1.4 74.2 ± 1.0 Mixed 112.4 ± 1.1 74.6 ± 0.7 Leading 113.1 ± 2.4 83.3 ± 1.7 Leading 115.5 ± 4.8 85.1 ± 3.3 Leading 115.8 ± 1.8 85.4 ± 1.2 Leading 112.2 ± 1.5 84.5 ± 1.1 Leading 99.7 ± 6.5 78.4 ± 4.8 Trailing 76.9 ± 1.0 66.0 ± 0.8 Trailing 69.9 ± 2.1 61.1 ± 1.7 Trailing 74.8 ± 1.2 65.3 ± 1.0 Mixed 71.7 ± 2.9 65.6 ± 2.4 Leading 89.9 ± 12.0 86.9 ± 11.1	Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Ries (2012) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Gurwell and Moullet (2020) Hagen et al. (2014) Gurwell and Moullet (2020) Hagen et al. (2014)

a Due to poor weather, these observations are less reliable. b

Table 7 .

 7 3 -NIKA2 observations of Iapetus. The latitude and longitude given are for the sub-Earth point on Iapetus. The sky opacity τ at zenith is measured with a 225 GHz (1.33 mm) taumeter. The Earth-Saturn distance is given in astronomical units (AU).

	Date	Time	Elevation	τ Lat.	Long.	Iapetus	Titan	Int.	Earth
		(UTC)	( • )	( • N)	( • E)	elong.	elong.	time	dist. (AU)
	23 May 2018 a 01:18-02:56 27.6-30.7 0.28 11.2 179	95"	186" 1.5h	9.21
	27 May 2018 a 01:20-02:02 28.7-30.4 0.56 11.3 161	212"	106" 0.7h	9.17
	28 May 2018 b 00:01-04:26 22.2-30.7 0.21 11.3 157	250"	153" 3.9h	9.16
	29 May 2018 b 01:26-04:42 21.5-30.7 0.20 11.3 152	291"	185" 1.5h	9.16
	14 Feb 2019 08:12-10:51 27.4-31.0 0.13 9.5	55	432"	92" 2.4h	10.82
	15 Feb 2019 08:20-10:56 28.1-30.9 0.21 9.5	50	412"	132" 2.4h	10.81
	12 Mar 2019 07:16-09:05 29.7-31.3 0.10 8.9 -61	412"	156" 1.8h	10.49
	20 Mar 2019 04:58-07:47 20.2-31.3 0.13 8.8 -96	495"	163" 2.4h	10.35
	21 Mar 2019 06:18-08:53 28.5-31.3 0.17 8.8 -101	491"	179" 2.4h	10.33

  Table7.5 -Daily average disk-integrated temperature for the three LH and two TH IRAM NIKA2 observations of Iapetus.

						Table 7.4 -(continued)			
	Date	F	pred Titan	F obs Titan (mJy)	F U Iapetus (mJy)	F T Iapetus (mJy)	T disk,U B	(K)	T disk,T B	(K)
		(mJy) 1.2 mm	2.0 mm	1.2 mm	2.0 mm	1.2 mm	2.0 mm	1.2 mm	2.0 mm	1.2 mm	2.0 mm
	1.2 mm 12 Mar 1217 1242.8 ± 27.6 431.4 ± 19.4 103.5 ± 8.2 41.3 ± 6.8 103.2 ± 8.5 41.5 ± 7.1 79.6 ± 5.8 92.1 ± 14.6 79.4 ± 6.0 2.0 mm 1.2 mm 2.0 mm 1.2 mm 2.0 mm 1.2 mm 2.0 mm 1.2 mm (Leading) 409 1308.5 ± 39.2 429.0 ± 16.6 98.0 ± 9.8 33.7 ± 7.6 92.8 ± 9.7 34.1 ± 7.8 75.7 ± 7.0 75.9 ± 16.2 72.0 ± 6.9 1217.4 ± 35.6 424.8 ± 18.3 103.8 ± 8.1 36.4 ± 6.5 105.6 ± 8.8 37.1 ± 6.8 79.8 ± 5.8 81.6 ± 13.8 81.1 ± 6.3 20 Mar 1247 1438.6 ± 26.3 420.6 ± 4.9 125.8 ± 9.8 38.8 ± 2.3 111.0 ± 8.9 41.0 ± 2.5 93.2 ± 6.8 84.6 ± 4.8 82.9 ± 6.1 89.2 ± 5.2 2.0 mm 92.6 ± 15.2 76.7 ± 16.6 83.2 ± 14.5 (Leading) 440 1493.2 ± 41.3 425.7 ± 9.0 117.0 ± 6.5 33.7 ± 1.9 99.4 ± 6.1 35.1 ± 2.1 87.0 ± 4.5 74.0 ± 4.0 74.9 ± 4.3 77.1 ± 4.4 1411.4 ± 32.9 421.6 ± 5.8 121.4 ± 5.7 37.3 ± 1.8 109.2 ± 5.7 39.3 ± 2.0 90.1 ± 4.0 81.5 ± 3.7 81.6 ± 4.0 85.7 ± 4.1 1300.9 ± 31.7 374.7 ± 9.5 101.2 ± 7.5 39.2 ± 2.6 98.8 ± 7.7 46.5 ± 3.3 76.1 ± 5.2 85.5 ± 5.4 74.4 ± 5.4 100.7 ± 6.8 21 Mar 1250 1746.5 ± 33.5 470.4 ± 9.5 147.0 ± 14.6 50.9 ± 4.4 107.1 ± 10.9 48.3 ± 4.3 107.4 ± 10.1 109.5 ± 9.1 79.9 ± 7.5 103.9 ± 8.9 (Leading) 441 1594.4 ± 34.3 401.1 ± 6.7 137.9 ± 10.0 37.8 ± 2.2 110.1 ± 8.3 42.0 ± 2.6 101.2 ± 6.9 82.3 ± 4.6 82.0 ± 5.7 90.9 ± 5.3 1498.7 ± 28.8 398.8 ± 6.3 125.5 ± 8.2 35.0 ± 2.1 106.6 ± 7.2 39.1 ± 2.4 92.7 ± 5.6 76.5 ± 4.3 79.6 ± 5.0 85.0 ± 5.0 1334.2 ± 35.5 412.5 ± 5.3 101.6 ± 8.5 37.5 ± 2.8 96.9 ± 8.5 40.5 ± 3.1 76.2 ± 5.8 81.6 ± 5.8 72.9 ± 5.8 87.9 ± 6.4
				Date	Iapetus region T disk B	(K) at 1.2 mm T disk B	(K) at 2.0 mm
				14 FEB 2019 Trailing side 15 FEB 2019 Trailing side 12 MAR 2019 Leading side 20 MAR 2019 Leading side 21 MAR 2019 Leading side	62.1 ± 3.4 66.9 ± 3.4 78.7 ± 1.7 78.5 ± 2.4		57.2 ± 3.9 61.6 ± 4.9 83.6 ± 6.6 88.2 ± 2.4

Table 7 .

 7 6 -Frequencies observable by the Karl G. Jansky Very Large Array (VLA), and the corresponding synthesized beam widths θ A HPBW and θ B HPBW in A and B configuration. Bands for which observations of Iapetus and/or Phoebe have been aquired are in bold.

	Band	4	P	L	S	C	X Ku	K	Ka	Q
	Frequency (GHz) 0.075 0.350 1.5 3.0 6.0 10 15	22	33	45
	Wavelength (cm) 4050 86 23 10	5	3	2	1.4	0.9	0.7
	θ A HPBW (")	24	5.6 1.3 0.65 0.33 0.20 0.13 0.089 0.059 0.043
	θ B HPBW (")	80	18.5 4.3 2.1 1.0 0.60 0.42 0.28 0.19 0.14

Table 7 .

 7 7 -VLA observations of Iapetus and Phoebe. The frequency and wavelength within in each band is provided in Tables 7.[START_REF] Bibliography Abramov | Endogenic heat from Enceladus' south polar fractures: New observations, and models of conductive surface heating[END_REF] and 7.8. The region observed at each data is given in Table7.8. The image resolution is optimized to show features as small as possible while keeping a reasonable SNR.

	Target	Date	Time	API	Wind	Band Resolution	Target size
			(UTC)	( • )	(m/s)		(milliarcsec)	(milliarcsec)
	Iapetus 21 May 2018 08:15-10:42 12.2-46.2 6.6-9.2 Iapetus 28 May 2018 07:54-10:21 1.0-3.2 0.5-4.9 Iapetus 03 Jun 2018 07:24-09:19 3.0-4.1 2.1-6.7 Iapetus 05 Jun 2018 07:21-09:17 2.2-5.1 4.0-7.0 Iapetus 29 Aug 2019 02:17-03:46 4.4-16.8 3.9-6.9 Phoebe 12 May 2019 10:02-12:38 1.7-3.8 2.8-6.3 Phoebe 31 May 2019 08:06-11:24 2.2-6.3 0.4-3.9 Phoebe 01 Jun 2019 08:12-11:41 2.8-11.1 0.6-2.5 Phoebe 22 Jun 2019 07:23-09:59 1.9-4.4 0.3-6.1	X Ka K Ku X K Q Ka K	271 × 158 91 × 48 149 × 77 223 × 114 312 × 163 360 × 350 300 × 200 400 × 240 610 × 340	213 215 216 216 210 30 31 31 31
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Sub-Saturn anomaly

The sub-Saturn side of Dione has been observed during two flybys: DI016 (October 2005), which is unresolved, and DI163 (March 2012), which includes the resolved concurrent scatterometry and radiometry data. As on Rhea, these two observations are associated with higher disk-integrated temperatures/emissivities than the rest of the satellite (Section 6. 1.5 and Fig. 6.6). Global fits yield either very high (∼3 K) residuals in the sub-Saturn region (Fig. 6.20a) or locally high emissivities if f is divided into a 45×45 grid (Fig. 6.20d). High sub-Saturn temperatures were already apparent in the deconvolved image (Fig. 4.6), although the contrast with their surroundings could be attributed to limb darkening.

The high residuals seen during the resolved DI163 scan are focused near 0 • E, and are more important at southern than northern latitudes. This geographic distribution is not consistent with the leading/trailing dichotomy seen in the scatterometry data (Fig. 3.12): it is therefore unlikely to be caused by true geographical emissivity variations. No sub-Saturn albedo or thermal inertia anomaly has been detected by other instruments (e.g., [START_REF] Schenk | Plasma, plumes and rings: Saturn system dynamics as recorded in global color patterns on its midsize icy satellites[END_REF][START_REF] Scipioni | Spectroscopic classification of icy satellites of Saturn I: Identification of terrain units on Dione[END_REF][START_REF] Howett | Thermophysical property variations across Dione and Rhea[END_REF]. As on Rhea, we conclude that a reasonable explanation for the high sub-Saturn temperatures is Saturnshine and thermal infrared emission from Saturn. Because Dione is closer to Saturn than Rhea, Saturn's angular size is larger, and the planet is expected to contribute more to the incident flux than on Rhea, consistent with the higher amplitude of the sub-Saturn anomaly at Dione. Furthermore, the DI163 observation was acquired during the southern fall, when high southern latitudes receive little sunlight. During this season, Saturn's contribution is then at its peak at southern latitudes, explaining the distribution of residuals.

As on Rhea (Section 6.2.3), Saturn's contribution to the flux has been added to the thermal model. The fluxes around the DI163 sub-Saturn observation are shown in Fig. 6.23, and the resulting temperature profiles are given for two different thermal inertias in Fig. 6.24. As expected, Dione, which is closer to Saturn than Rhea, receives more flux from Saturn. However, due to its higher sub-Saturn bolometric Bond albedo, Dione absorbs a small fraction of the visible flux from Saturn (Saturnshine), whose contribution to the temperature is consequently less than half the contribution from Saturn thermal emission (Fig. 6.24b and c). Due primarily to Saturn's thermal emission, Saturn contributes more to the temperature on Dione than on Rhea: ∼ 1.2 K (for I = 1000 MKS) to ∼ 1.7 K (for I = 10 MKs), versus ∼ 0.5 K and ∼ 1 K on Rhea for the same values of I. At the surface, however, Saturn's contribution varies significantly with time and location, and can sometimes be higher on Rhea than on Dione. A temperature increase of 1 to 2 K on the sub-Saturn side is of the right order of magnitude, although it appears insufficient to explain the residuals of up to 3 K (Fig. 6.20).

Once simulated temperatures are fitted to the data while accounting for Saturn's contribution, the amplitude of the sub-Saturn anomaly is visibly decreased (see Fig. 6.22). An anomaly may still remain, suggesting that, as on Rhea, Saturn's flux may be insufficient to account fully for the derived high sub-Saturn emissivity. However, uncertainties in the pointing offset of the DI163 flyby of the sub-Saturn side make a precise assessment of the anomaly difficult.

Uncertainties

Individual values for each segment are shown in Fig. 7.10 and Table 7.4. Uncertainties are derived from the 95% confidence interval of the 2-D Gaussian fits to the fluxes of Iapetus and Titan; residual errors due to the extended beam are most likely the cause of the observed scatter within each day (see Fig. 7.10). Estimating the uncertainty on each fit with a Monte Carlo method yields very similar error bars, except when the residual noise is not Gaussian, in which case a Monte Carlo method underestimates the uncertainty. The leading and trailing values are given in Table 7.5; error bars are propagated from the uncertainty on individual measurements while also taking into account the 5% uncertainty on the Titan model, if calibration on Titan is used.

Results

The disk-integrated brightness temperatures derived using the standard calibration and calibrating on Titan are shown in Fig. 7.10 and provided in Table 7.4, with the fluxes measured on Titan and Iapetus.

On 28 and 29 May 2018, Iapetus lies within the sidelobes at 2.0 mm, and cannot be accurately detected: the 2.0 mm "mixed" region brightness temperature should not be used. At 1.2 mm, Iapetus is detected, but both types of calibration appear problematic. Indeed, on 28 May, the fluxes measured on Titan and on Iapetus (F obs Titan and F U Iapetus in Table 7.4) are correlated, and both increase with time. However, if we calibrate on Titan, the extracted values of T disk B are higher than on the leading hemisphere, leading us to believe that the calibration is at cause. On 29 May, the two methods of calibration give very different results at 1.2 mm; it is impossible to determine which one is correct. The poorly determined fluxes of May 2018 are primarily a consequence of the low elongation of Iapetus, though calibration issues are also likely. Since these results are unreliable and do not represent either the leading or trailing hemisphere, they are not included in the interpretations.

In 2019, only LH and TH observations were desired, both for scientific interest and for greater separation from Saturn. These observations were much more successful, and allow us to constrain the leading and trailing hemisphere fluxes. On 15 February and 12 March, calibration on Titan introduces noise (from the extraction of Titan's flux) with little to no change in the average T disk B : consequently, we use the calibration on Uranus instead. On 14 February, Titan is very close to Saturn, and using it as a calibrator is impossible. On March 20 and 21, imperfect calibration files were used in the standard NIKA2 pipeline. These data will be re-reduced with updated calibration files. Until then, calibration on Titan is necessary to bring the derived brightness temperatures to values consistent with the ones measured on 12 March. The 1.2-and 2.0-mm brightness temperatures are averaged on each day, using the inverse variance as weights; the uncertainties are the weighted standard deviation. The resulting daily values are provided in Table 7.5 and shown in Fig. 7.11 alongside those found in previous studies [START_REF] Ries | High Frequency Observation of Iapetus on the Green Bank Telescope Aided by Improvements in Understanding the Telescope Response to Wind[END_REF][START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF][START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF]. As expected, the leading side, which is covered by the optically dark material, has significantly higher brightness temperatures than the trailing side.

On the trailing side, the 1.2-mm, 1.3-mm (from the SubMillimeter Array (SMA), [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF], and 2.0-mm brightness temperatures are all similar within error bars. On the leading side, we observe a very steep spectral slope from 1 to 3 mm, unlike the decreasing temperatures with depth that would normally be expected for daytime observations. Either this steep spectral slope is a property intrinsic to the optically dark material covering the leading side, or it indicates that the subsurface properties change very quickly with depth in the top few cm of the subsurface. These results are Fitting the 1.3-mm (SMA) lightcurve Disk-integrated effective temperatures were simulated for seven values of the thermal inertia I from 10 MKS to 1000 MKS, and for nine values of the 2.2-cm skin depth ratio r 2cm from 0.1 to 1000 (leading to electrical skin depths between 0.1 mm and 120 m). The global emissivity is derived by performing a weighted average of the disk-integrated emissivities of each observations, themselves calculated from the Rayleigh-Jeans law as in Eq. 6.1.

We first attempted fitting all 1.3-mm SMA observations while keeping the emissivity, thermal inertia, and skin depth ratio constant over Iapetus, thereby supposing that the leading/trailing dichotomy is primarily caused by an albedo difference accounted for in the model. The global emissivity is calculated as the average of the ratio of observed brightness temperatures T disk B to disk-averaged effective temperatures T disk eff (I, r 2cm ), with the inverse of the squared uncertainties over T disk B (from Table 7.1) used as weights. The resulting emissivities are multiplied by T disk eff (I, r 2cm ), providing the simulated brightness temperatures shown in black in Fig. 7.13. The poor fit to the data at all values of (I, r 2cm ) demonstrates that an albedo dichotomy alone is insufficient to account for the 1.3-mm brightness temperature dichotomy, consistent with the results of [START_REF] Hagen | Interpreting the Thermal Lightcurve of Iapetus at 1.3mm[END_REF] from an analysis of a subset of these data. 2014) and Gurwell and Moullet (2020, personal communication). The modeled brightness temperatures are shown for all tested thermal inertias and ratios, while keeping the emissivity constant (black circles) or allowing it to vary between the leading and trailing hemispheres (red squares). Attempting to fit all data while keeping all parameters uniform over Iapetus is unsuccessful: the leading/trailing albedo anomaly must therefore be associated with an emissivity and/or a thermal inertia and ratio dichotomy.

The emissivity was then derived separately for the LH (-90 ± 50 • E) and TH (+90 ± 50 • E), averaging only the data acquired in those regions. The LH and TH 1.3-mm emissivities thus obtained are mapped in Fig. 7.14 and lead to the brightness temperatures shown in red in Fig. 7.13. If the thermal inertia and the skin depth ratio remain uniform on all of Iapetus, then the emissivity must be at least 0.14 and up to 0.23 higher on the LH than on the TH. However, it is possible that thermal inertia and skin depth ratio are also different on either side. Indeed, the LH and TH emissivities may be much

Conclusion and perspectives

The Cassini radar and radiometry observations of Saturn's icy satellites have been calibrated and analyzed. On Rhea, Dione, and Iapetus, all radiometry data were analyzed jointly and compared to simulated temperatures, derived from a combination of thermal, radiative transfer, and emissivity models. On Dione, a leading/trailing dichotomy is observed in the Cassini scatterometry and at optical and infrared wavelengths, but is not obvious in the passive radiometry, pointing to centimetric depths of clean water ice on the Leading Hemisphere (LH) and/or non-icy contaminants on the Trailing Hemisphere (TH). On Rhea, no such dichotomy is observed in the 2.2 cm dataset, indicating that the LH E-ring ice and the TH dark material apparent at optical and IR wavelengths must be superficial (<cm depths). These interpretations are represented schematically in parts a) and b) of Fig. 7.20. Meanwhile, on Iapetus, the famous leading/trailing dichotomy was further investigated with the Cassini 2.2 cm radiometry (e LH = 0.87 +0.05 -0.02 and e TH = 0.74 +0.04 -0.02 ), implying that the optically dark, radar-absorbing, and high-emissivity material of the LH must extend deeper than the exogenous material layers on Rhea and Dione (Fig. 7.20c). Microwave observations can therefore provide new information to better constrain the depths affected by incoming exogenous fluxes of icy and non-icy material.

Microwave radiometry has also brought to light new structural information on Saturn's icy satellite subsurfaces. On Dione, Rhea, and Iapetus, higher thermal inertias (I > 50 MKS) were found from 2.2 cm radiometry than from previous analyses of infrared data (I < 50 MKS), pointing to an increased degree of compaction of the regolith with depth, confirming the result of Le [START_REF] Gall | Iapetus' near surface thermal emission modeled and constrained using Cassini {RADAR} Radiometer microwave observations[END_REF] on Iapetus. A likely explanation is that micrometeorite gardening is creating a loose, mixed regolith, as represented schematically in Fig. 7.20d. Impacts modify both the composition and structure of the near subsurface by excavating water ice from the crust and projecting blocks of icy ejecta up to hundreds of km away from the impact site. This process, which has been evidenced by the low emissivity and high radar albedo of the Inktomi crater ejecta blanket region on Rhea, is represented in Fig. 7.20e. Globally, very low effective dielectric constants (ε ′ r < 2) were derived, especially on Rhea (ε ′ r < 1.5) implying a depolarized subsurface. Low emissivities were found on Rhea (e = 0.59 -0.84 on Rhea) and Dione (e = 0.75 -0.9). Yet, according to current scattering models such as the coherent backscattering effect, the emissivities measured on Rhea and Dione are not low enough to justify the very high radar albedos measured by the Cassini radar. Well-constrained electrical skin depths on Rhea are very large, of the order of several hundred times the wavelength (5-10 m), pointing to high purity of the icy regolith. Low dielectric constants, high backscatter, and comparably insufficiently low emissivity all indicate the existence of very efficient scattering structures in the subsurface (Fig. 7.20f).

Although great progress has been made from Cassini radar/radiometry data, several paths of analysis remain to be explored. More specifically, no radiometry simulations of the existing data have yet been undergone for Mimas and Tethys, and only disk-integrated emissivities have been derived for Enceladus. Applying the same method used on Rhea, Dione, and Iapetus to Enceladus would be especially useful in order to better understand its present and past activity, for example through the possible detection of endogenic heat in different flybys, the study of the young leading and trailing hemisphere terrains, and the characterization of plume particle deposition patterns.