Chloe B Beddingfield 
email: chloe.b.beddingfield@nasa.gov
  
Cheng Li 
  
Sushil Atreya 
  
Patricia Beauchamp 
  
Ian Cohen 
  
Jonathan Fortney 
  
Heidi Hammel 
  
Matthew Hedman 
  
Mark Hofstadter 
  
Abigail Rymer 
  
Paul Schenk 
  
Mark Showalter 
  
Exploration of the Ice Giant Systems: A White Paper for NASA's Planetary Science and Astrobiology Decadal Survey 2023-2032

come  

1

Motivation

Investigation of Uranus or Neptune would advance fundamental understanding of many key issues in Solar System formation: 1) how ice giants formed and migrated through the Solar System; 2) what processes control the current conditions of this class of planet, its rings, satellites, and magnetospheres; 3) how the rings and satellites formed and evolved, and how Triton was captured from the Kuiper Belt; 4) whether the large satellites of the ice giants are ocean worlds that may harbor life now or in the past; and 5) the range of possible characteristics for exoplanets.

Several time-critical science objectives require an ice giant mission in the coming decade. For example, a mission to Uranus would need to arrive no later than the early 2040s, because the unimaged northern high latitudes of the planet and five satellites will still be visible before the system transitions into southern spring in 2049. Additionally, the hypothesis that sunlight on Triton's south polar cap drives plume activity would become difficult to investigate around the 2050s, after the Neptune system has transitioned into southern fall (see white paper by [2]). Furthermore, optimal launch opportunities using a Jupiter gravity assist exist in the 2030-2034 timeframe for Uranus, and in the 2029-2030 timeframe for Neptune [3]. Both the Uranus and Neptune systems are compelling scientific targets, yet key differences exist between them. Both systems must ultimately be explored to achieve a complete understanding of the ice giant planet class, which is crucial for understanding how the Solar System formed and evolved. Exploration of the ice giants was a top recommendation in the previous two Decadal Surveys, and a mission to Uranus or Neptune with an atmospheric probe is endorsed by OPAG in a white paper [4].

Origin, Evolution, and Interior Structures

How do ice giants form? The Voyager flybys of Uranus and Neptune more than three decades ago and ground-based observations have revealed that the ice giants, Uranus and Neptune, belong in a class of their own, distinct from the gas giants, Jupiter and Saturn. Conventional formation models -core accretion and gravitational instability -do not satisfactorily predict the properties of Uranus and Neptune. The so-called "runaway accretion" phase should have rapidly transformed them into gas giants [5]. Present models of the origin of the ice giant planets range from a slow process of formation in the neighborhood of Jupiter and Saturn followed by migration to their present orbital locations to rapid formation at their present orbits before the primordial solar nebula dissipated. However, observational constraints to test these extreme scenarios are unavailable. The evolution of the ice giants over the past 4.6 Ga is another unsolved mystery, which manifests itself in such quantities as the planetary heat balance, which is starkly different at Uranus compared to Neptune. Addressing the origin and evolution of the ice giants requires knowledge of the bulk atmospheric composition.

The abundances of heavy elements (mass greater than helium) determined from the bulk composition provide critical observational constraints to the formation and evolution models of the ice giant planets. In particular, the noble gases He, Ne, Ar, Kr, and Xe, and their isotopic ratios, Ice giants are the only unexplored class of planet in our Solar System. Much that we currently know about these systems challenges our understanding of how planets, rings, satellites, and magnetospheres form and evolve. We assert that an ice giant Flagship mission with an atmospheric probe should be a priority for the decade 2023-2032.

Most planetary formation models have difficulty producing ice giants. Investigating the compositions and structures of ice giant interiors will provide information on how this type of planet, which appears to be common in the galaxy, formed and evolved.

are key, and only entry probes are capable of measuring them. Stable gas isotopic ratios, especially 13 C/ 12 C, 34 S/ 32 S, and D/H provide additional constraints. Knowledge of the bulk elemental abundances of C, S, N, and O are less important for understanding the formation of the ice giants than they are at Jupiter, but knowing the distribution of their bulk reservoirs (CH4, H2S, NH3, and H2O) to the deepest atmospheric level possible is valuable for understanding atmospheric dynamics and the interior structure, including a possible water ocean and an ionic/superionic water ocean at tens to hundreds of kilobar levels.

What are the bulk compositions and interior structures of the ice giants? While the planet's bulk densities are suggestive of water and other fluid ices being a dominant component, standard adiabatic 3-layer models typically have ice:rock ratios of 3:1 to 20:1 [6], which are all higher than expected from solar abundances, or from the composition of large icy moons or Pluto (which is 70% rock). These ratios strongly suggest that assumptions inherent in these standard models are incorrect, raising fundamental questions. For example, do high-pressure mixtures of high-density rock and low-density H/He mimic the density of ice? Are there discrete compositional layers in the interior, or are the rock, ice, and potentially gas more mixed? What is the heavy-element enrichment in the H/He envelope? (For more details, see the white paper by [7].)

Are the ice giant interiors fully convective? There are two significant reasons why there may be barriers to convection within these planets, which would drive the interior to higher temperatures than that expected from adiabatic calculations. One is the possibility of composition gradients at many locations, including the deep atmosphere due to cloud condensation at tens to hundreds of bars, and deeper interior gradients at the interfaces of H/He and ices, and ices and rocks. The second is the confirmed superionic phase of water, for which the oxygen acts as a solid, while the hydrogen acts as a fluid. The mixing allowed by this phase, and its effects on the geometry on the inferred dynamo region, are still unknown.

Atmospheres

What is the energy source that drives ice giant atmospheric activities? Atmospheric motions can be forced by internal heat and solar insolation, which have a dramatic impact on circulation. If internal heat dominates, the eddy motion of the atmospheric currents would have enough kinetic energy to sufficiently homogenize tracers in the atmosphere like CO2. However, if solar insolation dominates, heavy molecules will separate from the H2/He envelope and produce a density stratification due to gravity. Redistributed heavy molecules and the absorbed heat adjust the density of the atmosphere and circulation. Therefore, determining the overall energy balance of the atmosphere (i.e., how much internal heat enters it from below) and identifying energy sources at different levels of the atmosphere, is crucial for understanding the fundamental processes governing atmospheric circulation and the distribution of tracer species. Uranus and Neptune represent extremes regarding internal heating and solar insolation and challenge our theories of atmospheric circulation [8]. Among all four giant planets, the internal/solar heating ratio is largest for Neptune (1.6), and smallest for Uranus (near zero).

What is the pattern of the general circulation of ice giant atmospheres?

Determining the zonal, meridional, and vertical flow in the atmosphere, and the nature of storms and atmospheric waves, helps us understand how all giant planet atmospheres organize themselves and evolve. For example, we would like to know why Uranus and Neptune both have strong retrograde equatorial

The ice giant atmospheres are distinct from the gas giants in terms of their driving energy sources, their circulations, and their compositions. Understanding the ice giants will advance our knowledge of fundamental atmospheric processes and of planetary formation and evolution. jets, while Jupiter and Saturn's are prograde, and why the poles of both ice giants appear to have strong mechanically forced downwellings [9] in spite of differences in their energy balances and the distribution of solar energy (Uranus' obliquity of 98˚ means its poles receive more sunlight on an annual average than the equator).

What is the composition of the atmosphere? As discussed previously, the composition of the atmosphere contains critical clues about the formation and evolution of the entire planet. The horizontal and vertical distribution of species, both condensable and not, also offers clues about the circulation and chemistry of the atmosphere. For example, are both ice giant atmospheres depleted by a factor of ~100 in NH3 gas relative to solar abundances, as inferred from radio observations, while other species such as CH4 and H2S are strongly enriched [10]? Our experience at Jupiter and Saturn, and planetary formation models, suggest all those "ice" species should have similar enrichments relative to solar. Is this a sign of chemical interactions with a deep ionic ocean?

Rings and Small Satellites

What processes sculpt the current system of ice giant rings and small moons into their current configurations? Uranus hosts a system of dense narrow rings that lacks obviously meaningful spacing, diverse broad and finely-structured dusty rings, and the most tightly-packed system of small moons in the Solar System [11]. In contrast, Neptune has one ring composed of material organized into a series of longitudinally-confined arcs, its own suite of both broad and narrow dusty rings, and several moons that orbit interior to the most prominent rings [12]. These ring systems differ significantly from those of the gas giants, and thus can provide novel insights into the processes that can sculpt and maintain astrophysical disks under a variety of conditions.

How does ring material evolve over time? Both of the ice giant ring systems exhibit temporal variability. The locations and widths of Uranus' narrow rings oscillate in various ways on orbital timescales, while the location of one of Uranus' dusty rings appears to have changed over the course of several decades. The brightness of Neptune's ring arcs can also change dramatically over the years. Detailed measurements of these structures over an extended time would clarify the physical processes involved. Also, because some of Uranus' small moons are likely to collide with each other over short timescales [13] while Neptune's innermost moons are at risk of being torn apart by tidal forces [14], both of these systems could exhibit material cycling between rings and moons [15], yielding insights into aggregation and fragmentation processes.

What are the compositions and origins of ice-giant rings and inner small moons? Neptune's rings and small moons are probably remnants of the material present before Triton was captured [16]. Hence the composition of these bodies can provide information about the solid material that surrounded Neptune when it formed. However, the composition of Uranus' rings and small moons are different from its larger moons and from each other: generally, the rings' nearinfrared spectra are flat whereas Uranus' larger moons have H2O ice and CO2 ice spectral features [17], while certain moons are embedded in dusty rings with a variety of particle populations. The surface composition of the rings and small moons may therefore depend upon their present environment as well as their origins. Both the surface and the bulk compositions of most of the rings and small moons are not well constrained because spectral data are very limited [18] and there are few estimates of the moons' mass densities [19]. More detailed Investigating the ring systems and small moons of Uranus and Neptune will provide new key knowledge of the processes operating in astrophysical disks and the origin and history of solid material around the ice giants. The compositions of these objects around Neptune would provide insight into the material present before the capture of Triton. information about the compositions of the rings and small moons would provide new insights into the evolution of the Uranus and Neptune systems.

Satellites

Which satellites are ocean worlds? The five classical Uranian satellites and Neptune's moon Triton may be ocean worlds [20] that display evidence for recent geologic resurfacing, including cryovolcanic activity [21] and high internal heat [22][23][24]. For example, the smooth floors of Ariel's chasmata exhibit lobate features that may have formed from flow of liquid water sourced from the interior, termed cryolava flows (Fig. 1a), and parallel high-standing ridges that are separated by topographic lows, reminiscent of fissure-style volcanism on Earth [20]. Miranda exhibits impact craters with subdued rims, reminiscent of the likely plume-mantled craters on the ocean world Enceladus [25], hinting at a possibly similar plume-driven mantling process [26], and complex fractured and faulted terrains are present (Fig. 1b). Umbriel exhibits evidence for resurfacing [27] and the large crater Wunda has a bright annulus of material that may have resulted from cryovolcanic infilling [28] (white paper by [32]).

Neptune's moon Triton is likely a captured Kuiper Belt dwarf planet with properties similar to Pluto, allowing for an important comparison. Triton exhibits double ridges with morphologies like those found on the ocean world Europa [29], and active plumes [30], indicating that the cryovolcanism is a prominent process on this world (Fig. 1c). Furthermore, the surface compositions of the ice giant moons are rich in volatile constituents (CO2 ice, likely NH3-bearing species, N2, CH4, and CO), suggesting recent activity and seasonal volatile migration [e.g., 31]. To determine if the large ice giant satellites are ocean worlds, investigations of induced magnetic fields, plumes and cryovolcanic features, surface heat anomalies, and inventories of volatile constituents are paramount (see white paper by [32]).

What geologic processes modify the satellites and is there communication between the surfaces and interiors? Miranda, Ariel, and Titania show terrain with tectonic features, including fractures and faults, indicative of complex histories of geologic activity (Fig. 1a,b) [33,34]. Triton is a captured Kuiper Belt Object, which would have caused it to experience substantial heating and complex tidal effects. Triton exhibits abundant evidence for recent and ongoing geologic activity [35], a tenuous atmosphere, and cantaloupe terrain that may have formed from upwelling of subsurface material, termed diapirism (see white paper by [2]).

These widespread geologic features on the moons of Uranus and Neptune are indicative of recent

The large moons of Uranus and Neptune are possible ocean worlds with some surprisingly young surface regions. Investigation of these bodies would enhance our knowledge of where potentially habitable bodies exist in our Solar System.

Figure 1: a) Ariel. A crater that may partially infilled by cryolava. b) Miranda. Tectonized terrain with albedo variations. c) Triton. Double ridges (yellow) and plume deposits (red).

and probably ongoing internal activity, and their investigation is crucial to gain insight into the processes operating on these worlds (see white papers by [2], [32], and [36]).

Magnetospheres

How do magnetic field orientations relate to the configurations and dynamics of planetary space environments? Uranus and Neptune have uniquely asymmetric magnetic fields [37] (Fig. 2) and their dramatic orientations relative to the planets' rotational axes result in complex magnetospheric configurations that vary wildly on both diurnal and seasonal timescales [38]. These configurations are crucial missing data points to address how planetary properties relate to the configuration and dynamics of planetary space environments.

Why does Uranus have electron radiation belts similar in intensity to the Earth's?

The space environments surrounding the ice giants are also unique in that they are "vacuum magnetospheres" that are largely devoid of magnetospheric plasma. It is believed that such plasma is also the source for the radiation belts that encircle magnetized planets. It remains unknown whether these magnetospheric states observed by Voyager 2 are representative of these systems or a snapshot that captured reconfigurations.

Do magnetospheres far from their host stars shed mass and couple to the solar wind?

A magnetosphere needs to constantly shed the material produced within it. Yet such a process was not observed at Neptune by Voyager 2. At Uranus, such a process was observed, suggesting that the system is solar-wind-driven, which is curious and raises yet another question: if Uranus is solar-wind-driven, where is the solar wind material? In order to resolve these mysteries, we need the spatially-and temporally-distributed exploration of the plasma, radiation, fields, and wave distributions, as well as the aurora, of these planets that can only be provided by orbiting spacecraft, as discussed in a white paper [START_REF] Kollmann | white paper. Optimal launch opportunities for trajectories to the ice giants using a Jupiter gravity assist are in the upcoming decade[END_REF].

Comparative Planetology among Solar System Gas Giants and Exoplanets

Investigating Uranus' and Neptune's uniquely oriented and variable magnetospheres is critical to advance our understanding of how magnetospheres are configured, populated, and evolve.

Exoplanets with sizes comparable to our ice giants are common, and in situ observations of Uranus or Neptune would dramatically enhance our understanding of this planet class. Additionally, investigating the differences between ice-and gas-giant systems would provide novel insights into the processes that shape giant planet systems. Our understanding of gas giant systems was revolutionized by orbiting spacecraft such as Galileo, Juno, and Cassini; orbiters would do the same for the ice giants. Furthermore, ice giant sized planets are abundant among the discovered extrasolar planets. Although most of these exoplanets are 'hot Neptunes' that orbit close to their host stars, ice giant planets likely represent a substantial fraction of existing exoplanets, and better understanding our own Solar System's ice giants is critical for understanding these exoplanets. With the scheduled launch of the James Webb Space Telescope (JWST), the infrared emission of numerous exoplanets will be available and a new era of characterization of their atmospheric conditions will ensue. For the most populous large exoplanets to be calibrated against ground truth from Solar System planets, it will be crucial to have in situ observations of Uranus or Neptune.

Because our Solar System does not host super-Earths or sub-Neptunes, Uranus and Neptune may be the best local representatives of the mid-sized planets that populate our local neighborhood. But, despite their importance, our knowledge of Neptune and Uranus atmospheres, compositions, and internal structures are poorly constrained. As discussed above, we know that local ice giant atmospheres significantly differ from those of the gas giants. For example, both Uranus and Neptune have retrograde jets near the equator while both gas giants have prograde jets. The ice giants show a pronounced difference in thermal emission between the poles and equator which are not present on gas giants. Unlike the gas giants, the ice giants are depleted in NH3 gas. Water and hydrogen are well mixed in the interior of gas giants while this may not be the case for ice giants. Additionally, the magnetic fields of ice giants exhibit complex multiple polar structures, while those of the gas giants are mostly dipolar.

Science at Uranus versus Neptune

Uranus and Neptune have similar origins but notably different characteristics, and the study of each system would provide different insights into the nature of ice giants as well as giant planets in general, and the formation of our Solar System. For example, a mission to the Uranian system would allow us to observe the only giant planet in the Solar System with an atmosphere that is not strongly heated from the interior, and to explore a system that experienced an event significant enough to have resulted in its large tilt. The inner rings and small moons of Uranus allow us to explore one of the most dynamically chaotic regions in the Solar System, with significant changes occurring on decadal scales. The Uranus system provides the opportunity to study native Ice Giant moons that may be ocean worlds. In contrast, a mission to Neptune would allow us to investigate the captured KBO dwarf planet Triton, considered to be an ocean world with active plumes. Neptune's other icy worlds may reflect the Triton capture event.

Technology Development

Ice-giant missions can be accomplished with no new technology, except the development of a long-lived, next generation radioisotope power system [3]. Other technologies, some of which are well on the path to being developed or can be modified from commercially-available sources, can reduce costs and enhance the science return. Examples include the following: using advanced launch vehicles; aerocapture; cryogenic propellants; low mass/power/volume avionics and instruments designed for SmallSats. With the vast distance to the ice giants, large deployable Kaband antennas (~5-meters) would increase the amount of data returned and autonomous systems Uranus and Neptune are equally compelling science targets, and ultimately, it will be necessary to explore both before we can claim to understand ice giants as a class of planet. A radioisotope power system is the only new technology required for an ice giant mission. can enable efficient scientific planning and scheduling and increase the amount and value of scientific data returned. All these would serve to maximize scientific return while reducing cost.

Programmatic Considerations

The above discussion demonstrates that the science to be done at the ice giants is compelling, which is the primary justification for a Flagship mission to an ice giant system. Programmatic considerations also favor such a mission. Regarding programmatic balance, ice giants are the only class of planet never to have had a dedicated mission. Furthermore, an ice giant Flagship is itself well-balanced and broad in its goals: it will engage all disciplines within the planetary science community, targeting the interior, atmosphere, rings, satellites, potential ocean worlds, and the magnetosphere; it also engages the exoplanet community. Few missions can advance such a broad range of disciplines (even if the Trident Discovery proposal is selected, its target is Triton, not the Neptune system). Considerations of cost sharing and international cooperation also favor the ice giants, as ESA has expressed a strong interest in participating in a NASA-led ice giant mission.

Programmatic considerations can also help decide where to send the first ice giant mission. To fully understand this class of planet, we must visit both, but cost considerations may drive us to first target only one, in which case schedule, risk and (again) cost may weigh in. Optimal trajectories to Neptune occur in the 2029-2030 timeframe, while optimal Uranus trajectories are 2030-2034 [3]. Missions to either planet can be launched outside those windows, but with a penalty in either payload mass or risk. A Uranus mission is expected to cost $300M less than a comparable Neptune mission if launched in the optimal windows (ibid) although Neptune may become much more expensive if launched after 2031 because of the need for advanced launch vehicles such as NASA's SLS as well as the need for using radioisotope power supplies and spacecraft components beyond their nominal lifetimes (based on NASA's Planetary Mission Concept Studies program preliminary results). If launched within the optimal windows, missions to either planet are possible with current technologies, making them extremely high pay-off, low-risk [3], scientific endeavors.
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 2 Figure 2: The highly-tilted magnetic fields produce unique configurations with respect to the solar wind that vary drastically on diurnal and seasonal timescales. This may affect magnetospheric dynamics, satellite weathering, atmospheric coupling and auroral processes. Image credit: Bagenal and Bartlett.