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Unifying Themes for Asteroid Studies

Asteroids are important objects for astrobiological studies. Asteroids are direct remnants of the original building blocks of the terrestrial planets and are critical to understanding how our Solar System formed. Many asteroids are hydrated and their brethren likely delivered liquid water and other volatile species to the planets of the inner Solar System. Carbonaceous asteroids are the most important source of exogenous organic matter and may have contributed to the origin of life. Finally, asteroid impacts have substantially influenced the evolution of life on Earth and today represent a serious and credible natural hazard.

Asteroids and the formation and evolution of the Solar System
Asteroids are planetesimals that largely orbit between Mars and Jupiter. Many asteroids are primitive, having escaped the melting and differentiation that shaped the larger evolved asteroids and the terrestrial planets. The chemical and physical nature, distribution, formation, and evolution of primitive asteroids are fundamental to understanding Solar System evolution and planet formation. They offer a unique record of the complex chemical and physical evolution that occurred in the early solar nebula. The asteroid belt also preserves a unique record of collisions, breakup and cratering over the past 4.5 billion years. Detailed modeling of Solar System evolution suggests that planetary migration of Jupiter and Saturn produced sweeping resonances through the main asteroid belt and dislodged most of the asteroids. The resulting liberated asteroids were responsible for the impact cataclysms that occurred on all terrestrial planets and satellites around 4 billion years ago. Thus, study of asteroids is important for developing a comprehensive model of formation and evolution of the inner and outer Solar System.
Presolar and Nebular Processes

Primitive asteroids record a history of late-stage stellar evolution, the interstellar medium, the solar nebula, and Solar System evolution. The most ancient history is recorded in small interstellar organic compounds and mineral grains, which have been isolated and studied from primitive meteorites. Each grain of stardust records its history of condensation in stellar atmospheres or supernova outflows, grain-surface reactions in the interstellar medium, and thermal processing in the early Solar System (Meyer and Zinner, 2006). These pre-solar grains are intimately embedded in diverse materials of nebular origin. Their abundances are highly variable among different types of primitive material, with the highest abundances reaching ~0.1 wt%. They survived destruction, to varying degrees, during Solar-System processing and retain memory of the astrophysical setting of their formation. These observations lead to the following key questions:

· What was the diversity of presolar material that formed the original Solar System solids?

· What processes in the solar nebula acted to alter presolar material?

· How did the presolar grains that are preserved in primitive asteroids survive the violent, early epochs of Solar System formation?

· Which asteroids contain the highest abundances of presolar material?

The CI chondrites are generally regarded as being representative of the bulk elemental composition of the Solar System, with the exception of the highly volatile elements hydrogen, carbon, nitrogen, oxygen, and the noble gases (Lodders, 2003). Only seven members of this extraordinarily important meteorite group have been recovered, with a total mass of ~15.5 kg. Almost 90% of this material is represented by the Orgueil meteorite, which fell in 1864 in the Midi-Pyrenees, France. Relative to CI chondrites, all other groups of meteorites, as well as bulk terrestrial planets, are depleted in volatile elements. These depletions differ from group to group, but are best explained as a result of the condensation of solids from hot gases (<1,800 K, e.g. Davis 2006). This gas must have been well mixed and nearly homogenous since refractory elements have relative abundances within 10% of solar composition and are isotopically uniform within 0.1% across all classes of primitive meteorites. Thus, equilibrium condensation sequences capture many first order observations of the volatility-dependent fractionations of the elements, the identities of their host phases in meteorites, and even the chemical structure of the solar system (Humayun and Cassen, 2000). However, this simple model appears to violate current theories about the thermal structure of the nebula and the dynamic nature of the protoplanetary disk (Cameron, 1995; Gail, 1998; Woolum and Cassen, 1999). Future work in this area should address these key questions: 
· What processes produced the volatility trends in the bulk elemental abundances of primitive asteroids?

· What were the fractions of icy, rocky, and carbonaceous material that accreted to form volatile-rich asteroids? What were the source regions of these materials?
· Where did the CI-chondrite parent asteroids originally accrete?

· Where are the parent-bodies of the CI chondrites?
Primitive material from the Solar System underwent dramatic heating and cooling events prior to incorporation into planetesimals. Transient heating events were important in the formation of the Solar System and provided the energy to produce refractory inclusions (CAIs) and chondrules (Connolly et al. 2006). These objects are not predicted in astrophysical models for the formation of planetary systems yet they comprise 50-80% of the mass of many primitive asteroids. Thus, in the asteroid belt the majority of planetesimal components were melted prior to accretion. However, the mechanism that produced these transient heating events is still unknown. Leading models for transient heating source mechanisms include shock waves (Ciesla & Hood 2002; Desch & Connolly 2002), X-ray flares, the X-wind (Shu et al. 1996), and partially molten planetesimals. Radiometric dating of CAIs and chondrules shows that the energetic mechanism(s) that melted these objects operated multiple times over millions of years, with highly variable intensities. A detailed quantitative model for chondrule and igneous CAI formation by interactions between planetary bodies is required. Such a model must address these key questions:

· What astrophysical-cosmochemical framework of Solar System formation explains the details of the petrographic and chemical properties of the primitive asteroids?

· What fraction of the dust and small particles that are the building blocks of primitive asteroids underwent thermal processing?

· What processes can produce shock waves in protoplanetary disks?

· Can the X-wind model provide detailed predictions on thermal histories that are consistent with the formation conditions of refractory inclusions and chondrules? 

· What is the relationship between the mechanism of transient melting and the environments of CAI and chondrule formation?

· Why was CAI formation limited to 0.1 million years while chondrule formation persisted for 4 million years?

Despite the similarities among the bulk compositions of primitive asteroids, there is also abundant evidence for chemical heterogeneity in the early Solar System. A variety of oxidation states are exhibited by the most primitive chondritic meteorites (Grossman et al. 2008). These samples suggest that the nebular redox state varied from several orders of magnitude more oxidizing than a solar gas to several orders of magnitude more reducing. These wide variations are thought to result from large variations in the relative abundances of gas, dust, ice, and carbonaceous material within the nebular midplane. Furthermore, oxygen isotopes provide a particularly important and enigmatic tracer of physical and chemical processes. Simultaneously present in both gaseous and solid phases, oxygen is the only rock–forming element which shows a wide range of isotopic heterogeneity at the bulk level (Yurimoto et al. 2008). The complicated structure of meteoritic oxygen isotopes is difficult to reproduce simply by mixing of different reservoirs. Self–shielding of CO from photodissociation has been proposed as a possible solution (Clayton 2007; Thiemens 2006). Finally, there are systematic compositional trends in the spatial distribution of asteroid taxonomic types, as defined by their reflectance spectrum (Gradie and Tedesco 1987). There variations are thought to represent variations in the primordial thermal history and chemical composition in the solar nebula. Understanding these variations is central to unraveling the complex history of the early Solar System, which can be addressed through these key questions:

· What combination of dynamics and chemistry in the solar nebula produced the wide range of oxidation states recorded in primitive asteroids?
· What processes produced the systematic variation in oxygen isotopic ratios recorded in the components of primitive asteroids?

· What is the significance of the compositional stratification of the asteroid belt? How strong is the connection between asteroid taxonomic types and meteorite groups?

· Where in the Solar System are the primitive bodies found, and what range of sizes, compositions, and other physical characteristics do they represent?

· What is the full range of oxidation states, isotopic variations, and thermal history in the current asteroid population and how representative is the current meteorite collection?

Alteration Processes in Asteroid Interiors

After planetesimal formation, asteroidal material was altered early in its history by a variety of processes. Liquid water played a significant role in establishing the chemistry and mineralogy of primitive asteroids in the early Solar System by modifying their primary mineralogical and textural characteristics (Brearley, 2006). This aqueous activity is responsible for the production of phyllosilicates, carbonates, oxides, soluble organic molecules, and other minerals. Only three chondrite groups in our meteorite collections have experienced intense aqueous alteration: the CI, CM, and CR chondrites. Of these the CI chondrites represent the definitive example of asteroidal aqueous alteration and have experienced the most intense aqueous alteration of any known type of extraterrestrial material. The CM (total known mass ~148 kg, 67% of which is the Murchison meteorite) and CR (total known mass ~13 kg) chondrites provide additional evidence of widespread aqueous alteration in the early Solar System. Despite sharing the characteristic of have experienced aqueous alteration, these chondrite groups show a broad range of textures, mineralogy, organic composition, and isotopic variation. This extremely limited sample set drives us to ask the following key questions:
· What was the extent, duration, and intensity of hydrothermal alteration in asteroids in the early Solar System?

· How representative are the CI, CM, and CR chondrites of volatile- and organic-rich primitive asteroids?

· Why are primitive carbonaceous asteroids so poorly sampled in the meteorite population, representing <5×10-5 % of all asteroidal material available for study?

· Where are the most volatile-rich asteroids and what are they composed of?

· How well did primitive, volatile-rich asteroids survive the collisional evolution of the Solar System, compared to other more cohesive bodies?

Complementary studies of meteorites show that all of their asteroidal parent bodies have been thermally altered by internal heating to some degree, ranging from 150 to >1250 °C. Discerning the heat source(s) responsible for thermal processing of asteroids is one of the great mysteries of planetary science. Of the myriad proposed heat sources, three are still actively discussed today: decay of 26Al and other short-lived radionuclides (e.g., Bennett and McSween 1996), impact heating (e.g., Rubin 1995), and electromagnetic induction (Herbert et al. 1991). Short-lived radionuclides undoubtedly played an important role in the heating and metamorphism of planetesimals and meteorite parent bodies. However, the role of induction heating in the early solar system has not been explored in light of recent results such as the role of magneto-rotational instability (MRI) and X-ray emissions from pre-main-sequence young-stellar objects (Feigelson and Montmerle, 1999). Pre-main-sequence analogs of the young Sun exhibit time-averaged emission around 1030 erg/s, about 103× higher than the contemporary Sun, and individual flares with peaks of 1031–1032 erg/s occur on timescales of weeks (Wolk et al., 2005). In addition, the role that planetesimal impacts and collisions have had on the thermal evolution of small bodies is uncertain. Studies of the thermal evolution of asteroids should focus on these key questions:
· What was the initial abundance and distribution of radioactive isotopes in the early Solar System?

· What was the interaction between protostellar magnetic fields and planetesimal bodies in the early Solar System?
· What is the amount of heat deposited in a small, porous body during an impact and how is heat subsequently transported through the planetesimal?

Accretion and Collisional Evolution of the Asteroid Population

The first stage of planetesimal formation is one of the least understood phases of Solar System history. Surface forces help small dust grains stick to each other. This process forms macroscopic fractal aggregates. Collisions presumably make these aggregates progressively more compact. However, if the nebula was turbulent, collisions may have become disruptive as particles grew larger and relative velocities increased. Particle accretion may have stalled at sizes around a meter in size. An additional severe problem is due to the drift of the growing particles towards the Sun, due to gas drag. Bodies with sizes of order of a meter are removed from a region faster than they can grow. This combination of problems is usually called the meter–size barrier. This classic problem is defined by these key questions:
· How big can planetesimals grow through surface-force driven fractal aggregation?

· To what degree was the solar nebula turbulent?

· What was the role of gas drag in the early Solar System?
· How did planetesimals overcome the meter-sized barrier?

The asteroid belt seems to be depleted in mass by 3–4 orders of magnitude from its original state and its medium– to small–sized members show a size distribution characteristic of collisional erosion. Dynamical models are used to trace the evolution from planetesimals to planets. In these models kilometer–sized planetesimals serve as the basic building blocks of planets and their collisions build bodies of increasing size. The mutual dynamical interactions of the largest bodies and their interactions with the planetesimal disk regulate the accretion processes and define three phases: the initial run–away growth (leading to >100 km-sized bodies at 1 AU in ten thousand years), the slower oligarchic growth (forming lunar– to Mars-sized bodies within a million years), and the stochastic post–oligarchic growth (defining the final hierarchy of the planetary systems and lasting tens of millions of years). The last stage is characterized by large–scale, stochastic mixing of the planetary embryos and their catastrophic collisions. One such collision has likely formed the Moon and probably the forming Venus has also been impacted by major bodies. Understanding planet formation requires addressing these key questions:
· What was the chronology of formation of small bodies?

· How did primitive bodies make planets? 

· What was the balance between accretion and collisional destruction at various heliocentric distances and Solar System epochs? 
· How strongly are the oligarchic and post–oligarchic growth stages in the inner few AU influenced by whether or not Jupiter and Saturn have already formed?

Asteroids as sources of volatiles and prebiotic materials
Understanding the origin of organic compounds in early Solar System materials is central to astrobiology. Individual asteroids preserve a record of the evolution of volatiles and organics starting in the interstellar medium, through the birth and early evolution of the Solar System, to modern-day “space weathering” at asteroid surfaces. Meteorites are invaluable for asteroid science and provide samples that can be subjected to detailed laboratory analyses (Lauretta and McSween 2006). 

Volatile and Organic Chemistry in the Early Solar System

Study of the volatile-rich compounds and organic molecules in extraterrestrial materials are of inherent interest to the study of Solar System formation. The CI, CM, and CR carbonaceous chondrites are the most H-rich samples of the early Solar System available for study. Clay minerals in these meteorites contain ~90% of their bulk H content and have H-isotopic values that are significantly enriched in D relative to solar. The remaining ~10% of the H resides in organic molecules. The largest fraction of the organic carbon (>70% of the total) in CM chondrites is present as a complex insoluble macromolecular material (Cronin et al., 1987; Cody et al., 2005). This insoluble organic material is enriched in the heavy stable isotopes of H, C, and N, relative to the nebula and to the clay minerals in meteorites (Pizzarello et al., 2006). CM chondrites also contain a complex suite of soluble organic molecules (Cronin and Pizzarello, 1983; Pizzarello et al., 2001, 2003)​; over 80 isomeric and homologous amino acid species have been identified in the Murchison meteorite. In contrast, the organic compounds in CR chondrites are significantly different. Some of the CR chondrites contain large total abundances of amino acids, higher than in Murchison by factors up to ten, and other N-containing molecules (Martins et al. 2007; Pizzarello and Holmes, 2009), while oxidized species and hydrocarbons are present in far lower amounts. The soluble organic molecules in CM chondrites seem to have formed during aqueous alteration. In contrast, the soluble materials in the CR chondrites are much simpler, with a rapid drop-off in abundance for longer chain molecules, and may represent primordial organics from the interstellar medium. This complex chemistry leads to several key questions:
· What is the compositional and structural diversity of organic matter in carbonaceous asteroids?

· What are the relative fractions of organic matter in carbonaceous asteroids that formed in the interstellar medium, the solar nebula, and planetesimals?

· How did such temperature-sensitive material survive the dynamic early Solar System in much higher abundances than the corresponding inorganic material (a few wt.% vs. a few ppm)?
· What are the chemical details of the formation of soluble organic molecules and insoluble macromolecular organic solids?

· What processes created, destroyed, and modified the carbonaceous matter that is now contained in primitive asteroids? 
· How representative are the CI, CM, and CR chondrites of the entire carbonaceous asteroid population?
Current Reservoirs of Volatile and Organic Material

The relationship of the colors and albedos of small bodies to their compositions and histories of alteration since their origin is essential information that will allow us to interpret remotely-sensed spectra of asteroids and, by extension, develop a geological map of processes occurring in the early Solar System. A major hurdle in understanding the distribution of volatile and organic material in the asteroid population is the lack of context resulting from the difficulty in linking asteroid spectral classes with specific meteorite groups. The diversity of the asteroid population is reflected in both the large variation in their spectral properties and the large compositional range of meteorites. Although the silicate mineralogy of asteroids can be inferred by spectral matching between asteroids and meteorites (e.g., Hiroi et al., 2001), the detailed mineralogy of most asteroids is still unknown. The possible parent asteroid associated with a meteorite class can be constrained with reflectance spectroscopy, and is helped when a dynamical mechanism can be identified to deliver meteorite samples. Success in connecting meteorites to asteroids began with the identification of Vesta as the source of the HED meteorites (Drake, 2001). However, there are several spectral classes of asteroids whose meteorite counterparts have been difficult to locate. In particular, presumed primitive carbonaceous asteroids have relatively flat and featureless spectra that are frustratingly difficult to link to specific chondrite groups. 
This problem is compounded by the unknown effects of space weathering on carbonaceous material. Primitive asteroids that contain ice, organics, and silicates undergo distinct surface alteration effects (Emery and Brown, 2003). These processes include micrometeorite impact and reworking, implantation of solar wind and flare particles, radiation damage and chemical effects from solar particles and cosmic rays, and sputtering erosion and deposition. UV photons, charged particles, and cosmic rays irradiating the surface break molecular bonds, freeing ions and radicals to diffuse through crystal lattices and across grain surfaces to react with other species. Large C-based polymers with small C/H ratios and abundant aliphatic structure may be produced. Eventually, surface ice would be exhausted, producing a net loss of H atoms. Additional space weathering may have then increased the C/H ratio producing large aromatic structures and resulting in a dark, flat, and featureless spectra. These processes can be addressed by the following key questions:
· Which asteroids are the sources of the carbonaceous meteorites?

· What types of carbonaceous asteroids are not represented in our meteorite collections? How diverse is this population? 
· What is its present-day distribution of organic matter in the solar system?

· What processes currently modify the surfaces of small primitive bodies and how do colors and albedos of small bodies relate to their compositions and histories of alteration by various processes since their origin? 
Asteroids and the Delivery of Water and Organic Molecules to the Early Earth
Asteroids and comets are generally believed to have contributed to the terrestrial planets’ inventory of volatiles and prebiotic organic matter. Spectroscopic measurements of the D/H ratios in cometary comae indicate that water ice in comets is more D-rich than the water at the surface of the Earth, constraining the amount of volatile material that could be delivered from cometary impacts. Furthermore, dynamical simulations of the formation of terrestrial planets suggest that the outer asteroid-belt was the primary source of impactors on the early Earth. The discovery of comets in the main asteroid belt strengthens the hypothesis that similar bodies may have delivered water and other volatiles to the inner Solar System (Hsieh and Jewitt 2006).
Organic- and volatile-rich asteroids provide fundamental information about the source of water and prebiotic compounds for the terrestrial planets. The presence in primitive meteorites of complex organic compounds having terrestrial counterparts has led to speculation that meteorites could have seeded early Earth with prebiotic elements and molecules. These studies prove that abiotic syntheses may lead to prebiotically relevant organic molecules. In particular, many meteoritic amino acids are non-racemic and enriched in the L-enantiomers.  However, these processes produce complex mixtures that contain many molecules that are likely irrelevant to the origin of life. Thus, the study of the prebiotic significance of carbonaceous asteroids requires a selection mechanism to isolate and amplify the critical prebiotic compounds.

Overall, the most important mass contribution to the flux of extraterrestrial matter on Earth is concentrated over three size regions (Ceplecha, 1992; Jenniskens et al., 2000): masses around 1013-1015 kg (km-size asteroids and comets), masses around 106 kg (small objects, few meters in size), and masses around 10-9 kg (meteoric dust, around 100 to 200 µm in size). Sub-millimeter particles dominate the yearly accretion rate while large objects may dominate the flux on longer time scales. The fate of these objects and their organic content as they reach the Earth’s surface is important for understanding the contribution of extraterrestrial matter to the inventory of organic material on the Earth. These issues lead to the following key questions:
· What is the role of asteroids in the delivery of volatiles and organics to Earth and other planets? 
· Did organic matter delivered to early Earth (and other planets) by primitive asteroids trigger the formation of life or provide the materials? 
· Could the terrestrial L-enantiomer biological preference for amino acids result from the chirality of extraterrestrial organic material?

· What is the survival rate and chemical modifications of organic material delivered to early Earth and other terrestrial planets?

Effects of asteroid interactions with the biosphere

Asteroids and the Late Heavy Bombardment

The flux of small bodies at Earth during the Hadean eon (4.5-3.8 Gy) is of particular interest because Earth’s differentiation had been completed and its surface cooled. The end of this eon is closely linked to the earliest evidence for habitable conditions on our planet (e.g., Mojzsisi et al., 1996). The epoch around 3.9 Gy ago is particularly crucial because of the growing evidence for a large spike in the bombardment rate, the so-called Late Heavy Bombardment (LHB), of the terrestrial planets (Tera et al. 1974, Cohen et al., 2000, Strom et al. 2005). It is likely that the LHB projectiles were asteroids ejected from the main asteroid belt by means of a large scale dynamical instability. It is thought that this instability was related to the orbital migration of the giant planets (Gomes et al. 2005, Strom et al 2005, Levison et al. 2007). Calculations by Minton & Malhotra (2008) have demonstrated that the migration of Jupiter and Saturn would have caused orbital resonances to “sweep” through the asteroid belt, dynamically launching asteroids into the inner Solar System and greatly depleting the asteroid reservoir, possibly by more than 90%. The orbital migration of the giant planets was fueled by about 30 Earth-masses of outer solar system planetesimals (Hahn & Malhotra 1999, Tsiganis et al. 2005), only ~0.1 Earth-masses of which survive in the present-day Kuiper belt. Thus, the LHB was likely a large spike in the flux of both asteroidal and cometary impactors throughout the Solar system. Outstanding questions about this event include: 
· What was the duration of the Late Heavy Bombardment? 

· What was the timescale of the giant planet migration? 
· Was the trigger an orbital instability associated with giant planet orbital resonances or possibly the late formation of Neptune and Uranus? 
· What is the time evolution of the impact flux of asteroids and Kuiper belt objects on the terrestrial planets and outer planet satellites? 

· What were the impact velocities and relative fluxes of asteroids/comets/dust on various Solar System bodies during the Late Heavy Bombardment?

The Impact Hazard
Asteroid impacts have been responsible for mass extinctions in geologic history and remain today the most potentially destructive natural disaster facing humanity. For this reason, it is important to understand the near-Earth asteroid population. Near-Earth asteroids pose a serious and credible threat to humankind. Several such near-Earth objects have only been discovered within days of the objects' closest approach to Earth and recent discoveries of such large objects indicate that many large near-Earth asteroids remain undiscovered. Asteroid collisions rank as one of the most costly natural disasters that can occur. Basic information is needed for technical and policy decision making for the United States to create a comprehensive program in order to be ready to eliminate and mitigate the threats posed by potentially hazardous near-Earth asteroids.
The physical processes that determine the transport of asteroids across the Solar System are dominated by the gravitational dynamics of the major planets, particularly the orbital resonances and dynamical chaos that arise from the long term and long range combined effects of several planets. However, non-gravitational forces, such as due to solar radiation, become increasingly important for smaller size sources. The absorption and reemission of sunlight by small asteroids produces a thermal force, known as the Yarkovsky effect that results in a non-gravitational acceleration and produces a slow but steady drift in the semi-major axis of a NEO’s orbit (Chesley et al. 2003; Bottke et al. 2006). Photon emission thus produces a Sun-powered thrust that can move small asteroids by several AU over their history, pushing them into gravitational resonances or into collisions with planets. The Yarkovsky effect must be fully understood before we can predict the long-term dynamics of potentially hazardous objects with a high degree of fidelity. These concerns are addressed by several key questions:
· What is the current distribution of near-Earth asteroids?
· What are the physical characteristics (size, density, internal structure) of the most potentially hazardous asteroids?
· What is the uncertainty in asteroid positions resulting from insufficient characterization of the Yarkovsky effect?

· What is the most effective way to mitigate an impact hazard?
Space Missions for the Exploration of Asteroids

Asteroid Sample Return

Spacecraft studies of asteroids have greatly improved our knowledge of these bodies. The most important of these is the complete analyses of the data on 433 Eros returned from the Near Earth Asteroid Rendezvous (NEAR) mission and the successful encounter of the Japanese Hayabusa spacecraft with asteroid Itokawa. These encounters demonstrated the diversity of asteroids and their complexity both internally and on the surface. 

An asteroid sample return mission will provide an enormous scientific payoff. Sample return missions have consistently led to paradigm changing results. The Apollo samples revealed the magma-ocean stage of lunar history and the Giant-Impact Hypothesis for the origin of the Earth and Moon. The Genesis mission measured the chemical and isotopic composition of the Sun. The Stardust mission redefined our understanding of early Solar System dynamics. Asteroid sample return is the logical next step in asteroid science. 

The highest value sample is pristine carbonaceous material from the early Solar System. In particular such a mission should strive to return material not known to be on Earth. In particular, friable, volatile-rich, and organic-rich material is unlikely to survive passage through the atmosphere and residence on the surface of the Earth. Contamination control and documentation is essential to achieving this objective. Asteroidal samples offer a unique record of the complex chemical evolution that occurred in the early solar nebula. Despite having abundant samples in the form of meteorites, these samples lack geologic context. An asteroid sample return mission would acquire samples with known geologic context 

As recommended in the NRC report New Opportunities in Solar System Exploration, such a mission should have the following science objectives: 

· Map the surface texture, spectral properties (e.g., color, albedo) and geochemistry of the surface of an asteroid at sufficient spatial resolution to resolve geological features (e.g., craters, fractures, lithologic units) necessary to decipher the geologic history of the asteroid and provide context for returned samples. 

· Document the regolith at the sampling site in situ with emphasis on, e.g., lateral and vertical textural, mineralogical and geochemical heterogeneity at scales down to the sub-millimeter. 

· Return a sample to Earth in amount sufficient for molecular (or organic) and mineralogical analyses, including documentation of possible sources of contamination throughout the collection, return and curation phases of the mission. 

Main-belt Comet Explorer

Comets have been discovered in the asteroid belt. Several members of the Themis asteroid family have been observed to display temporary comet-like activity (Hsieh and Jewitt 2006). Seasonal heating effects in are only sufficient to drive sublimation on these bodies for a portion of their orbits, from the time of perihelion to halfway to aphelion (Hsieh 2007). The recurrent activity of these asteroid-comet transition objects is thought to result from seasonal variations that periodically illuminate ice-rich surfaces. Unlike other known comets, these main belt comets appear to have formed in the much warmer inner Solar System, where they are found today. Orbiting completely within the main asteroid belt, the main belt comets present a distinct contrast with other periodic comets, the Jupiter-family and Halley-family comets, which originate in the cold outer solar system in the Kuiper Belt or Oort Cloud. Main belt comets are more accessible than all other comets, making them excellent targets for a spacecraft investigation. A rendezvous mission to a Main Belt comet would provide monitoring of changes in activity. 
Such a mission should have the following science objectives: 

· Rendezvous with the target prior to perihelion and the beginning of cometary activity.
· Perform thorough global characterization of the texture, spectral properties, mineralogy, and geochemistry of the target during its quiescent period.

· Measure the shape, mass, and rotation state of the target

· Measure the internal structure of the target

· Observe the target through perihelion to document the onset of cometary activity

· Determine the mechanism for current cometary activity, whether due to recent impacts or fragmentation due to rapid rotation

· Directly measure the composition of gas and dust liberated from the comet nucleus

· Analyze the isotropic composition of Main Belt cometary water, and test whether outer Main Belt objects were a major contributor to terrestrial water

· Observe the target past perihelion to document the cessation of cometary activity

Trojan Reconnaissance
The Trojans, now known to number well over a thousand, are aggregated about the L4 and L5 equilibrium points along Jupiter’s orbit. These objects are asteroids with a low albedo and a featureless, reddish spectrum. They may have been captured in the present orbits during giant planet formation and migration. Trojan asteroids could prove rich in organics, perhaps sampling regions of the nebula and types of organics not sampled on Earth or by previous missions. Detailed study of these objects should greatly expand our understanding of the history of volatiles and organic molecules in the early Solar System. 
As recommended in the NRC report New Opportunities in Solar System Exploration, such a mission should have the following science objectives: 

· Determine the physical properties (e.g., mass, size, density) of a Trojan

· Map the color, albedo, and surface geology of a Trojan at a resolution sufficient to distinguish important features for deciphering the history of the object (e.g., craters, fractures, lithologic units).

Supporting Research and Facilities
Asteroid Surveys

There are an estimated 100,000 near-Earth asteroids with a diameter greater than ~140 meters (Stuart 2001). Of this number only ~6000 have currently been identified. The NEO Observations Program (NEOO) is a result of a 1998 congressional directive to NASA to identify 1 km or larger bodies to a 90% confidence level. Since then a further mandate (June, 2006) has been issued to identify 140 meter or larger bodies to the same confidence level.
Current Surveys

The majority of near-Earth asteroid discoveries are made by a trio of NASA-funded surveys, LINEAR, SPACEWATCH and the Catalina Sky Survey. Each survey consists of a system of multiple telescopes. The Catalina Sky Survey is the only survey that operates a telescope at an international location, Siding Spring Observatory in Australia. The surveys cover most of the visible night-time sky down to a limiting magnitude of 20 with a few telescopes able to detect objects as faint as magnitude 22 over a smaller area. Still, there are gaps in the coverage due to the dense star fields of the Milky Way and the summer monsoon weather of the southwest United States where all but one survey telescope is located. During calendar year 2008, over 800 near-Earth asteroids were found by the funded surveys. It is estimated that nearly 90% of all 1-km or larger near-Earth asteroids have been discovered. 

Panoramic Survey Telescope & Rapid Response System (Pan-STARRS)

Pan-STARRS is designed to be an advance to the next level in NEO survey work. This new system will have 3-16 times the collecting power of the current NEO survey telescopes and a massive array of state-of-the-art CCD detectors in the focal plane. They will enable the Pan-STARRS survey to reach about 5 magnitudes (a factor of 100) fainter objects than observed by current NEO surveys. Further, Pan-STARRS' large field of view (7 deg2 per exposure) is larger than that of any of the current NEO survey programs. This will allow observation of the available sky faster and more frequently than any of the current programs. Finally, Pan-STARRS will have higher spatial resolution than the existing survey systems, allowing work in the parts of the sky where the ecliptic plane overlaps with the Milky Way. With Pan-STARRS, up to 10 million main-belt asteroids and tens of thousands of NEOs and TNOs will be discovered. By reaching objects 100 times fainter than those currently observed in the NEO surveys, Pan-STARRS will help finish off the Congressional mandate to find and determine orbits for the 1-km (and larger) threatening NEOs. Further, it will be able to push the detection limit for a complete (99%) sample down to objects as small as 300 meters in diameter. Such objects would cause considerable local and/or regional damage should one collide with our planet. 

Large Synoptic Survey Telescope (LSST)
The LSST system will be sited at Cerro Pachon in northern Chile, with the first light scheduled for 2014. In a continuous observing campaign, LSST will cover the entire available sky every three nights, with two observations per night. Over the proposed survey lifetime of 10 years, each sky location would be observed about 1000 times. LSST can detect faint objects with short exposures. The LSST system is the only proposed astronomical facility that can detect 140-meter objects in the main asteroid belt in less than a minute. The high-fidelity simulations of LSST baseline observing campaign demonstrate that LSST will discover and catalog 80-90% of potentially hazardous asteroids larger than 140 meters, with a median of 40 nights of observations per object. Simulations strongly suggest that with an achievable optimization of baseline strategy, LSST will be able to reach the goal mandated by Congress.

Amateur Community

The amateur astronomy community represents a useful resource that in recent years has contributed greatly to the study of asteroids. Relatively small backyard observatories are as capable as the largest professional telescopes were 40 years ago. This great leap forward is due to innovations in detector and computer technology. 

Over the past decade, amateurs have contributed timely follow-up astrometry of potentially hazardous asteroid. These astrometric observations allow orbits to be refined and provide accurate pointing information for professional studies. An amateur has even spearheaded the development of publicly available software for the determination of orbits. This software rivals those used by professional groups. 

The contribution of the amateur community was evident during the impact of 2008 TC3. Of the 859 astrometric observations of 2008 TC3, over 97% were obtained by amateurs using their own telescopes or for-profit remote observatories. An amateur astronomer using orbit determination software he had written made the first public announcement of TC3’s impending impact. 

As the capabilities of the amateur community grows, physical observations will be possible for large numbers of asteroids. Already amateurs conduct the majority of rotation period and shape modeling determinations. Over the next decade, low-cost spectrographs will expand amateur capabilities into the realm of spectroscopy.
Focused Meteorite Recovery

Asteroid 2008 TC3 was the first bolide to be observed and tracked prior to reaching Earth. It was discovered by the Catalina Sky Survey on 6 October 2008. After its detection 586 observations were performed by 27 amateur and professional observers in less than 19 hours. It entered Earth's atmosphere above northern Sudan at a velocity of 12.8 km/s. It exploded tens of kilometers above the ground with the energy of around one kiloton of TNT. A dedicated search along the approach trajectory recovered 47 meteorites, fragments of a single body named Almahata Sitta, with a total mass of 3.95 kg (Jenniskens et al. 2009). Analysis of one of these meteorites shows it to be an achondrite, a polymict ureilite, anomalous in its class: ultra-finegrained and porous, with large carbonaceous grains. The combined asteroid and meteorite reflectance spectra identify the asteroid as F class, now firmly linked to dark carbon-rich anomalous ureilites, a material so fragile it was not previously represented in meteorite collections.
With the increasing capabilities of the Catalina Sky Survey, Pan-STARRS, and LSST, these events will become increasingly common. By one estimate, as many as six such events may occur annually. There is a need for quick response teams to recover fragments as soon as possible. Such a program, similar in nature to the Antarctic Search for Meteorites, will greatly increase the number of linkages between asteroid spectral types and meteorite groups. 
Physical Characterization
A real need exists for extension of asteroid surveys beyond discovery to include physical characterization. Orbit determination is only the first step in impact hazard assessment. Simply creating an inventory of NEOs is a necessary, but insufficient component of fully realizing the NEOO program goal. Assessing the threat posed by a PHA requires predictions of its impact energy. This requires knowing both the mass and velocity of the impacting object, or more precisely, its size, density, and velocity. Accurately determining size requires knowing the shape and albedo. These parameters are also highly valuable for asteroid science in general. 

Spectroscopy

Asteroids are classified according to their taxonomic type. Taxonomy is determined by their spectral properties at visible wavelengths (0.35 to 1.0 microns). Two techniques are used: spectroscopy and filter photometry. Spectroscopy involves the use of a spectrograph to obtain low-resolution spectra over the entire visible wavelength regime. Filter photometry involves the use of 4 or more broadband photometric filters at different wavelengths. Each method involves trade-offs. Spectroscopy provides better spectral resolution and is the definitive method for the determination of taxonomy but is limited to relatively bright objects. Filter photometry provides a coarser resolution but can be used on objects too faint for spectroscopy.

Spectroscopy from Earth is usually disk integrated, taking in a hemisphere at once (Asphaug 2009). It can be rotationally resolved—recorded as the asteroid spins, documenting global-scale heterogeneity. From visible and near-infrared spectroscopy one derives the taxonomic class and a wealth of compositional information. From mid- to thermal-infrared studies, one obtains vital information regarding thermal properties, important to understanding Yarkovsky and YORP evolution. Combined thermal and visible observations solve independently for albedo, giving a constraint on size and (via the light curve) shape. 

Radar Observations

The 305-m diameter Arecibo dish—larger than some of the asteroids it images—is the world’s most powerful radio transmitter. It is also the world’s most sensitive radio receiver. Arecibo Observatory, together with the 70 m steerable dish at Goldstone Observatory, has been utilized with great success to provide the most detailed images and dynamical information known about NEOs as well as important characterization of main-belt asteroids and Earth-approaching comets (Ostro et al. 2002). Asteroid radar operates by sending out a narrow beam of microwave energy toward a target and by examining the echo in comparison to the transmitted signal. A circularly polarized signal enables studies of surface roughness and albedo, which in turn lead to an understanding of the porosity and composition of the upper centimeters. In addition to producing stunning images and other physical characterizations, radar provides extraordinarily precise astrometry, allowing for highly refined dynamics, both orbital (about the sun) and rotational (the asteroid system itself ). Chesley et al. (2003) describe its utility in asteroid dynamical studies (in this case the first direct determination of the Yarkovsky effect), and Giorgini et al. (2008) show how radar astrometry is an essential tool in retiring the risk of menacing objects like Apophis. Scheeres et al. (1996) were the first to use radar-derived shape models and spin states as initial conditions for studying particle dynamics about an asteroid, and Scheeres et al. (2006) obtain a detailed understanding of the dynamical state of the 1999 KW4 system.

Regolith Studies
Visible photometry and thermal IR spectroscopy can be used to characterize the surface properties of asteroids. Determining whether an object possesses a regolith is necessary before a sample return mission can be contemplated. The primary method to identify the presence of regolith on any surface is the measurement of thermal inertia.

Knowledge of the thermal inertia of asteroids is used to detect the presence or absense of regolith on the surface. Objects covered with fine dust possess a low thermal inertia while bare rock has a high thermal inertia. The value of the thermal inertia not only tells us about the characteristics of the regolith but also the fraction of the surface that is covered or bare. Work by Delbo et al. (2007) finds a convincing trend of increasing thermal inertia with decreasing asteroid diameter, D (Fig. 1). The trend suggests that smaller bodies have less mature regolith due to their shorter collisional lifetimes. Other processes, such as electrostatic levitation of fine particles, may also be present and would cause a net loss of fine particle sizes from small asteroids. The data from thermal inertia studies confirm that small 200-1000 meter diameter asteroids possess sufficient regolith to support sample return. Our knowledge of the surface properties of rapidly rotating, sub-200 meter objects is insufficient to confirm the presence or absence of fine surface materials.

One of the most crucial physical parameters of an asteroid is its albedo, which allows the size to be determined given the visible absolute magnitude, H. Reliable albedo measurements are the key to understanding the mineralogy of NEAs and to establishing their size distribution, factors that are of vital importance in determining the origins of the NEA population and the magnitude of the terrestrial impact hazard. (Delbo et al. 2002). 

In the absence of difficult thermal IR observations, phase analysis can be used to study of the scattering property of asteroid regolith. Photometric observations at visible wavelengths are obtained at many different phase angles (the Sun-Earth-asteroid angle). The slope and shape of the phase function is correlated to the albedo of the object. Phase analysis allows us to directly measure the brightness of the asteroid and, via the phase function-albedo relationship, estimate the size of the asteroid.
[image: image1] Fig. 1. There is a trend of increasing thermal inertia with decreasing asteroid diameter, D, confirming the intuitive view that large main-belt asteroids, over many hundreds of millions of years, have developed substantial insulating regolith layers. On the other hand, much smaller bodies, with shorter collisional lifetimes, presumably have less regolith, or less mature regolith, and therefore display a larger thermal inertia. 
Rotation State

The most basic rotation parameter that can be determined is the rotation period, or the length of time for an asteroid to complete a single rotation on its axis. Time-resolved photometric measurements are the best source of information on the spin state of small Solar System bodies. In the last decade in particular, the nearly ubiquitous use of CCD technology has led to an explosion in asteroid rotational data. The large amount of available data has allowed the recognition of unusual types of rotational behavior.  

The rotation period can also shed light on the internal and surface properties of an asteroid. Rotational studies of thousands of asteroids with diameters greater than ~200 meters has uncovered only 2 objects with periods less than 2 hours (Figure 2). This result suggests that nearly all large asteroids are not a single coherent piece of rock, but rather a collection of smaller pieces being held together by the asteroid’s own self-gravity. What are colloquially called “rubble piles”. Conversely, most asteroids with diameters smaller than ~150 meters have rotation periods much shorter than 2 hours. It is likely that any loose easily obtainable surface samples have been ejected from the surface.

The rotation period limit is directly related to the density of the asteroid. Stony asteroid with densities of 3 g cm-3 have periods no shorter than 2 hours. Carbonaceous asteroids have periods no shorter than 3.5 hours suggesting a lower density. Asteroids with rotation periods approaching their break-up limit will expel material from their equatorial regions. This acts to slow down their rotation and conserve angular momentum. Loose surface regolith material will also “flow” from the poles towards the equator. By identifying “rubble pile” asteroids with rotation periods near their break-up limit we can identify asteroids with freshly exposed surface regions due to regolith movement.
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Figure 2 – Rotation period of all measured asteroids versus diameter. Small points denote asteroid data from Harris and Warner (2009) while large circles denote asteroids measured by Hergenrother et al. (2009).

Meteor Observations

Meteor Observations Provide Information about Volatiles in Near-Earth Space. By linking meteor showers to NEAs we provide evidence of past volatile outgassing past history of volatile outgassing. 3200 Phaethon First NEA discovered by a spacecraft (IRAS). Approaches the Sun closer than any other numbered asteroid; its perihelion is only 0.140 AU. The surface temperature at perihelion could reach ~1025 K. Parent body of the Geminids meteor shower of mid-December.
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