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The 2003 Solar System Decadal Survey identified four key themes related to planetary science, paraphrased as:  (1) the formation and evolution of the planets and life on them; (2) the evolution of volatile and organic material in the solar system; (3) the origin and evolution of habitable worlds elsewhere in the galaxy; and (4) fundamental processes of planetary evolution. NASA itself, in its strategic goals and objectives, rephrases several of these as a) how did the solar system form; b) how do other planetary systems compare with ours; and c) what are the locations, states, and histories of biogenic compounds in our solar system? SOFIA’s key contributions, as described below, relate closely to these high-level questions. 

Certainly, great advances have been made in the understanding of our own planetary system over the last few decades by interplanetary spacecraft. Nevertheless, many fundamental and important questions remain unanswered about the various members of our own system. Primitive bodies – the building blocks of planets - pose tremendous diversity, and no more than a tiny subset of them will ever be visited by spacecraft. Some atmospheric properties of planets (large and small) require a combination of wide spectral range, high spectral resolution, and temporal baseline that can’t be provided by any one spacecraft mission. Moreover, the systematic study of exoplanets is in its infancy. 

In this short chapter we identify selected topics where questions of basic importance remain unanswered, where objects in need of close study are many and diverse, and where SOFIA’s capabilities will make it the facility of choice to advance our understanding.  As for other key applications addressed in this document, SOFIA’s principal advantages include its unique combination of sensitivity, spectral range and spectral resolution (enabled by its high altitude, its large, cold telescope, and its instrument complement), its mobility, its ability to observe bright objects and objects close to the sun, and its several-decade-long operational baseline. The few general categories of planetary science we describe below are not exhaustive of the many studies SOFIA will conduct, which are documented in a number of previous reports. However, they represent broad areas of study that are pathbreaking and possibly paradigm changing, and that are difficult or impossible to do (or do as well) from any other facility from now until 2020 at least. In short, our report represents only the highest-value science for which SOFIA would be the facility of choice. 

One sub-theme is the study of primitive bodies, the building blocks of planets, which we have subdivided into two parts:  1. asteroids, Centaurs, and Kuiper Belt Objects, and 2. comets – outer solar system primitive bodies hurled to the inner solar system by gravitational perturbations. Our second sub-theme is gas giant planets themselves, which may be subdivided into those of our own solar system and those of other planetary systems. A third sub-theme is atmospheric studies of the worlds Titan and Venus – the former an organic chemical factory, the latter an understudied Earth analog under warmer conditions, with a drastically different outcome. 

1. Primitive Bodies
1a. Asteroids, Centaurs, and Trans-Neptunian objects:

The tribes of primitive bodies (generally speaking, small and undifferentiated agglomerates of nebula solids) from which the planets formed include the asteroids of the inner solar system, and a group of outer solar system dynamical families including Centaurs (10-30 AU), Kuiper Belt Objects or KBOs (30-40AU), and an even more remote collection of “scattered disk” objects (SDOs).  SDOs and KBOs are collectively referred to as Trans-Neptunian Objects or TNOs, and now numbered at over 1000. Pluto itself is a TNO, and in recent years, TNOs have been discovered that are extremely large – larger than Pluto in one case; in fact, large enough to differentiate into a rocky core and icy mantle. Typically, comets are derived from one of these TNO populations – either directly, or indirectly from the Oort cloud which was itself derived from them. All these classes of primitive bodies are notable in their compositional diversity – meaning that larger samples need to be observed to properly characterize the range of their properties. SOFIA can play a unique role in observing certain critical aspects of large numbers of these bodies in both the inner and outer solar system. SOFIA’s contributions come largely from its ability to observe key portions of the near- and mid-infrared spectral range unhindered by terrestrial atmosphere; moreover, its observations of stellar occultations will also play a significant and unique role.  

Kuiper Belt Objects in the asteroid belt?  Recent simulations of Solar System evolution suggest the possibility of a dramatic amount of dynamical mixing of primitive bodies between the outer and inner solar system groups.  In the scenario originally presented by Gomes et al. (2005) now widely referred to as “the Nice Model” for its many French contributors, migration of Jupiter and Saturn through a 2:1 mean motion resonance 600-800Myr after most planetary formation had completed, induced very rapid evolution of the orbits of Uranus and Neptune which in turn destabilized the orbits of the then-resident members of the Kuiper Belt (some of which may, however, may have previously been scattered there from formation locations closer to the sun). In the simulations, these bodies deluge the inner Solar System, potentially bringing significant amounts of volatiles to Earth, the other Terrestrial planets, and the moon.  The simulations further predict that many of the objects scattered inward from the Kuiper Belt end up joining the outer Main Asteroid Belt and Jupiter Trojan swarms.   Because shorter wavelength spectra of these bodies are featureless, spectral observations across SOFIA’s broad spectral range, as discussed below, will enable assessment of surface compositions and allow comparisons between inner and outer solar system objects as a test of these new dynamical ideas. This will require a large, unbiased sampling effort that SOFIA can accomplish in its decades-long lifetime. 

Asteroid size, albedo, and density measurements from thermal emission: Total fluxes from asteroids are dominated by thermal emission longward of 2-5 (m, and because thermal flux is more strongly dependent on size than reflected sunlight, its measurement provides a means of estimating an object’s size. Albedos can then be derived by combining these thermal fluxes with visible reflected fluxes. Such measurements are only practical from the ground for the brighter asteroids, which exclude most Near Earth Asteroids (NEAs). For instance, Warm Spitzer will attempt these observations, but with only two broad bands on the short-wavelength side of the emission function, large uncertainties will result. SOFIA observations will straddle the peak in thermal emission (~10 to 30 (m for most asteroid temperatures) and give us a much more accurate measurement of both size and albedo for a large number of asteroids – even quite small ones (see figure 1). Moreover, 165 binary and multiple asteroids have been discovered to date, for which the system mass can be determined; combining those masses with SOFIA sizes yields the density, which constrains porosity and internal structure. Many of the binary and multiple asteroids are too faint for meaningful size estimates by any other technique or facility.


These measurements will be especially interesting and important for the potentially hazardous, Earth-crossing NEAs. As discussed above, a considerable amount of radial mixing between the inner and outer solar system has been predicted theoretically, and this theory must be tested. Stuart and Binzel (2004) found that more than 25% of NEAs are of spectral types that dominate the outer part of the Main Belt, but could also imply cometary progenitors. SOFIA’s albedos and thermal emission spectroscopy (see below) will complement reflectance spectroscopy to better constrain surface composition and thus the potential source regions. The NEA size distribution depends not only on the original size distribution in the Main Belt and other source regions, but also on size-dependent processes related to their collisional breakup and transport to near-Earth space.  Several authors have used absolute magnitude distributions as a substitute for size distributions to constrain combined collisional and dynamical models (e.g., Bottke et al. 2005, O’Brien and Greenberg 2005). These results have been inconclusive, due to the lack of a true size distribution. An improved size distribution for NEAs  will be a unique and significant contribution to asteroid impact threat assessment studies.
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Asteroid mineralogy and composition from thermal emission:  Despite significant effort with reflectance spectroscopy at ( < 2.5 (m, compositions of most asteroids are unknown because their spectra are only weakly diagnostic in this spectral region. The 5 to 40 (m range contains strong vibrational bands of many minerals, most notably the Si-O stretch and bend fundamentals of silicates near 10 and 20 (m. After the best-fit black-body spectrum is removed, a series of emissivity variations (often identified as Christiansen, restrahlen, or transparency features) is revealed that are diagnostic of mineralogy. Spitzer/IRS thermal emission spectra of just over a hundred asteroids of various taxonomic types revealed strong emissivity features (see figure 2), demonstrating the utility of thermal-IR spectra of asteroids.  When Spitzer’s cryogen runs out in early 2009, SOFIA, with the grism mode of FORCAST, is the perfect facility for performing a survey of asteroid mineralogy as determined by mid-IR spectroscopy. Based on anticipated FORCAST sensitivity, we expect that 1700 new (post-Spitzer) asteroids will be characterized in this way. No other facility can provide this science except perhaps JWST, when it eventually launches. 
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Water in the asteroid belt: The presence and form of H2O (as ice or as water of hydration) on main belt asteroids is a crucial key to unlocking the early thermochemical, dynamical, and geological evolution of the Solar System, as well as establishing the source(s) of the volatile materials and organic molecules on the early Earth and the other Terrestrial planets.  Understanding the habitability of Earth is strongly connected to our knowledge of the distribution of water and organics in the asteroids and in comets.  The origin of Earth’s water is  vigorously debated, with potential sources including native H2O from accretion, or the post-accretional impacts of asteroids, comets, and KBOs scattered during the Late Heavy Bombardment. Observations with SOFIA can make an important, perhaps critical, contribution to this question. Spectrophotometry of the largest Main Belt asteroids in the 1980s revealed that ~2/3 of the C-type asteroids, which are spectrally similar to, and therefore generally considered related to, carbonaceous chondrite meteorites, show a broad spectral absorption at ~3 (m that was attributed to hydrated silicates (Jones et al. 1990) which probably formed on the carbonaceous chondrite meteorite parent bodies, although nebula formation has also been suggested. C-type asteroids dominate the middle part of the Main Belt (~2.8 to 3.4 AU) and include Ceres, the largest body in the Belt.  Asteroids farther from the Sun appear to exhibit less hydration.  New observations of the 3-(m band are revealing a variety of band shapes, including some interpreted as due to water ice (Rivkin and Emery 2008).  Finally, Hsieh and Jewitt (2006) reported three small objects in asteroidal orbits that exhibit cometary activity, but which are unlikely to have evolved from a cometary precursor.  The cometary activity demonstrates that H2O ice currently exists in small Main Belt asteroids.  This discovery has catapulted asteroids into contention for being a significant source of Earth’s water, and raises new questions, while providing new constraints, on the distribution of water ice in the solar nebula.

The 3-(m region of the infrared spectra of asteroids, in which H2O ice and water of hydration are best detected and the mineralogy of hydrated silicates can be strongly constrained (figure 3), is very difficult to observe from the ground due to strong telluric absorptions and high thermal background. SOFIA’s 12-14 km altitude greatly diminishes both of these effects, allowing high sensitivity spectra to be taken of ~3300 asteroids (~3100 Main Belt, ~ 150 outer belt, ~50 Trojans) – about three times the number accessible from large groundbased telescopes.  Spectral observations in the 2 to 5-(m region (i.e., with FLITECAM) from SOFIA will enable far more detailed investigations of the prevalence and distribution of these materials, shedding light not only on the formation and evolution of the Solar System, but also on why life – so strongly dependent on water - exists on Earth. 
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Organic Matter on Asteroids: The origin of organic carbon in meteorites (and their parent asteroids), and its relationship to that in comets, interplanetary dust particles, and interstellar dust are of compelling interest in understanding the carbon budget of the solar nebula, the original compositions of the planets, the supply of volatile and organic matter in the post-accretional phase of planetary evolution, and the development of life and habitable planetary environments. Carbonaceous meteorites contain significant quantities of complex organic molecular materials.  The soluble component, including many identified constituents (amino acids, carboxylic acids, etc.), is distinguished from the insoluble organic matter (IOM).  IOM is highly variable in chemical composition and can amount to 70-99% of the total carbon in a meteorite.  Modern analytical techniques are beginning to clarify the structure and composition of IOM (Alexander et al. 2007); among the components are aliphatic (chain) and aromatic (ring) hydrocarbons that are highly substituted (i.e., with N atoms in place of C).  

The origin of the carbonaceous meteorites is presumed to be the low-albedo, “primitive” asteroids, such as the C- and D-classes.  This presumed origin is based on comparisons between the spectral colors of meteorite specimens in the laboratory and similar data for asteroids obtained at the telescope (e.g., Hiroi et al. 2001).  However, specific diagnostic spectral bands, such as the aliphatic C-H bands (near 3.4 μm) in some carbonaceous meteorites, have not been found in asteroid spectra (e.g., Cruikshank et al. 2002, Emery & Brown 2003). Whether this is due to observational difficulty, “space weathering”, or other causes is a high priority question. Discrete 3.4 μm spectral bands diagnostic of aromatic and aliphatic hydrocarbons have been found in reflectance spectra of Saturn’s satellite Iapetus (Cruikshank et al. 2008) obtained with the Cassini VIMS mapping spectrometer. These measurements demonstrate for the first time that with sufficient signal-to-noise, the relevant spectral bands are detectable in reflectance. 

The asteroid data currently available are from ground-based telescopes and are degraded in quality by the Earth’s atmosphere.  SOFIA  (FLITECAM), with its high sensitivity and view from above most of the atmosphere, offers a great advantage over ground-based telescopes for spectroscopy in the 3.1-3.6 μm region to survey the primitive asteroids in a search for spectral bands diagnostic of asteroid organic molecules. This will allow identification of the source(s) of the carbonaceous meteorites, and relate them to other organics in the Solar System. With continued analysis, it may be possible to derive, for example, the CH2/CH3 ratio and the degree of N-substitution in aromatic networks, as has been done for interstellar dust bands and is presently being derived for Stardust samples, IDPs, and carbonaceous meteorites.

Sizes, albedos, densities, and atmospheres of TNOs from stellar occultations: The value of a mobile and airborne observatory for observations of stellar occultations by planetary bodies was demonstrated by the Kuiper Airborne Observatory (KAO) during its 20-year operational lifetime. Observations made with the KAO deployed to its optimum location established the presence of Pluto’s atmosphere and its unusual structure, and led to the discovery of the rings of Uranus (see figure 4).




As a planetary body with even a very tenuous atmosphere passes in front of a background star, refraction in that atmosphere, the presence of aerosols or dust particles, and the variation in gas temperature with altitude above the surface can all be discerned through detailed studies of the light curve. Measurements of stellar occultations by KBOs observed simultaneously with two SOFIA instruments, HIPO and FLITECAM, can probe for atmospheres with surface pressure as small as ~0.1 µbar (comparable to the atmospheres of Pluto and Triton) and can also establish the sizes of KBOs at resolution of a few km. TNO diameters are notoriously hard to measure using the standard thermal emission approach because they are so cold.  As a result, their albedos also remain unknown. Moreover, because many TNOs are binaries and their masses are known, accurate measures of their diameters will lead to their density, helping to answer the important question of whether most primitive objects are in fact low-density rubble piles or not.  SOFIA can also be used to continue observations of the tenuous atmospheres of Pluto and Triton over long time spans, following seasonal and/or secular changes diagnostic of interchange between atmosphere, surface, and subsurface.

The importance of the mobility of a large telescope was demonstrated by the KAO. The ground fall of the shadow zone in which the observer must be, only ~200 to 2000 km wide, is often poorly known until a few days, or even tens of hours, before the event.  Rarely does a small object’s occultation path cross the Earth at the location of a large ground-based telescope, but SOFIA can be almost anywhere, free from clouds and scintillation noise, with a large telescope and optimized high-speed photometers operating in several colors to give the maximum achievable spatial resolution. Estimates of the frequency of observable occultations by the HIPO team suggest that SOFIA will be 30-40 times more effective at observing occultations by 102-103 km size objects than either a large (but fixed) observatory such as Keck or Gemini, or a more compact but mobile 40cm campaign telescope. It is estimated that SOFIA can capture 30 or more TNO occultations over its lifetime. 
In summary, SOFIA will greatly expand our knowledge of several compositionally diverse populations of primitive bodies – constraining their mineralogy, water content, and organic composition. Occultation studies will constrain the densities and trace atmospheres of dozens of TNOs and asteroids. These unique observations will test recent theories of radial mixing of these orbital populations from the time and location of their formation. In addition, true size distributions will be obtained for the potentially hazardous Near Earth Asteroids. 

1b. Comets:

 
Introduction: In recent years, a flood of new information has radically altered our view of the formation and evolution of these most primitive solar system objects. This flood was stimulated by four major developments: 1. recent comet flybys and sample return missions, 2. sensitive (μJy) infrared space-based remote sensing at moderate spectral resolution (e.g., by Spitzer), 3. high-dispersion ground-based studies of parent volatiles in comets, and 4. the emergence of a new dynamical model for the early Solar System.  SOFIA offers a number of great advantages over current and future facilities for further studies of comets, and promises to extend the frontiers in major ways in the coming two decades. 

Comets are injected into the inner planetary system today from two distinct reservoirs: the Oort Cloud (OC) and the Kuiper Belt (KB).  Active comets are classified dynamically as nearly-isotropic (NIC, including New and Returning OCCs) and ecliptic comets (including Centaur-type, Encke-type, and Jupiter-family comets, or JFCs of KB origin). Comets in Halley-type orbits are proposed to come from either the scattered KB or an inner Oort cloud, but their origin is still uncertain. All except Centaur-type comets can become sufficiently bright for high-resolution IR and sub-mm spectral observations. 

Until recently, it was thought that most JFCs formed in the KB region (> 30 AU) while OC comets formed in the giant planet region (5-30 AU), implying these two populations should have different native volatile compositions. However, the recent "Nice" model of disk evolution (See Morbidelli et al. 2008 for a review) predicts that outer solar system planetesimals that formed initially in giant-planet feeding zones (5 - 14 AU) were ejected into both the OC and the KB  (Dones et al. 2004). Thus, the Nice model predicts considerable mixing and compositional diversity amongst both the nearly-isotropic and the ecliptic dynamical populations. According to this model, subsequent disturbance of the KB by perturbed gas giants contributed some of the volatiles, including water, impacting Earth during the Late Heavy Bombardment.  SOFIA can provide unique tests of the Nice model by quantifying the diversity among these comet populations, connecting the mineralogy, formation temperature, and organic content of a large number of comets with their respective dynamical families, as described below.  When combined with dynamical modeling of disk clearing, the comet taxonomy will provide key data for evaluating the possible contribution of water and pre-biotic organics to early Earth by each chemical class.  
 
Even before individual comet parent bodies get dynamically mixed with each other, their precursor grains and ices may have experienced significant radial mixing, combining material processed in the inner Solar Nebula with unprocessed interstellar material that pre-dated Solar System formation. Aspects of such mixing are illustrated in Figure 5. The STARDUST mission to comet 
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	Figure 5.  Processes affecting material in the proto-planetary nebula during Planetary System formation (from Irvine et al. 2000).


81P/Wild 2 first convincingly demonstrated this radial mixing of a range of silicate and oxide grains formed in a wide range of conditions. Because of these complex mixing processes and multiple dynamical populations, observations of large numbers of comets of all dynamical classes are necessary to place constraints on nebula formation conditions and dynamical mixing theories. 


Cometary mineralogy: The recent finding that silicate particles found in comets are largely crystalline has been a great surprise. Possible origins of these crystalline grains include direct condensation at high temperature in the inner solar nebula, or annealing in nebular shocks near Jupiter.  Once these crystals are formed, they must be transported outward to the comet-forming zones to be incorporated into comet nuclei.  The Mg-to-Fe ratio of crystalline silicates is diagnostic of the formation environment.  Silicates with a high Mg-to-Fe ratio condense from the canonical solar nebula, a low-oxygen (Fe reducing) environment with relatively high temperature.  However, Fe can be incorporated into condensing silicate grains if the local oxygen or water content is high.  Currently, the crystalline silicate Mg and Fe contents of three comets have been measured: the Mg-rich comets Hale-Bopp (C/1995 O1) and 81P/Wild2, and the distributed-Mg and -Fe comet 9P/Tempel (for a recent review see Kelley and Wooden 2008).  Fe-rich grains are hotter than Mg-rich grains due to their larger visual and near-IR absorption efficiencies (Dorschner et al 1995). FORCAST grism spectra at mid-IR wavelengths (12 to 40 μm) will allow us to observe the resonant emission peaks of crystalline silicates, and thereby the Fe/Mg ratio (Figure 6).  
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SOFIA’s ability to observe comets near perihelion when activity is greatest (< 2 AU), at solar elongation angles inaccessible to other facilities and with broader wavelength coverage spanning multiple resonances in crystalline silicates, will be the key to assessing the Mg-Fe fraction and thus the formation environment.  Observing the most active degassing phases is particularly important for the study of Jupiter-family comets that are less active than dynamically new comets because of their many prior solar passages. In addition, as for the asteroids, it is not known whether significant aqueous alteration leading to the production of carbonate and phyllosilicate minerals has occurred in comet nuclei. Deep Impact spectroscopy has suggested the presence of phyllosilicates, but that result remains controversial. Carbonate spectral features near 7 μm can be used to search for these minerals. SOFIA’s high spatial resolution will also play a role: spectral mapping of cometary comae with the wide field-of-view FORCAST grism, or via long-slit spectroscopy, will assess whether or not the grains in jets arising from isolated active areas on potentially heterogeneous nuclei are different from those of the average coma. 

Cometary water: Water is the principal volatile in the cometary nucleus and the standard of comparison for all other parent volatiles, so quantifying its abundance (and other properties) is of prime importance. Cometary H2O was first detected by measuring its emission in 1P/Halley from the KAO (Mumma et al. 1986), and later in comet C/1986 P1 (Wilson) (Larson et al. 1989). The decommissioning of KAO dictated development of new methods for measuring water from the ground, first demonstrated by Mumma et al. 1995. We now measure H2O from the ground by targeting “hot bands” whose lower states are not significantly populated in Earth’s atmosphere (Dello Russo et al. 2004), and with broad grasp echelle spectrometers (e.g., CRIRES, NIRSPEC), simultaneous coverage of several hot bands of H2O near 2.9 µm is achieved.  However, spectral lines of the fundamental bands 3 and 2 (only observable from SOFIA) are stronger by a factor of ~100, permitting fainter comets to be observed. 

The water molecule consists of two distinct nuclear spin species, ortho- and para-H2O. Their abundance ratio (the OPR) can be related to a nuclear spin temperature (Tspin), considered to measure the formation temperature (Mumma et al. 1987, 1993; Bockelée-Morvan et al. 2004; Meier et al 1998; Aikawa and Herbst 1999; Kawakita et al 2005; Bonev et al. 2007). Thus, the ability to measure this important parameter in many comets has the potential of testing the nature and diversity of conditions under which cometary water was formed.  Spin temperatures were first measured for water in comets 1P/Halley and C/1986 P1 (Wilson) with the KAO (Mumma et al. 1987, 1988, 1993) and later for other comets by ISO, Spitzer, and from the ground;  to date all have exceeded ~ 20 K (Figure 7) (Bonev et al 2007, Woodward et al 2007). However, there is a wide range of formation temperature, extending to >50K for comet Wilson,
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	Figure 7.  A (Left): Ortho-para ratios for H2O in comets (Bonev et al. 2007) are placed on a theoretical curve connecting them to the corresponding formation temperature.  B (Right): The 6.5 µm H2O band in C/2003 K4, both fully resolved and also convolved to the resolution of Spitzer (Woodward et al. 2007).  Ortho and para lines are indicated. EXES on SOFIA would provide major improvement in the detection limits by resolving lines of each spin isomer, and eliminating spectral confusion from interloping lines.   


a dynamically new comet, and moderately high values of  Tspin (> 40-50 K) are found in both NIC and ecliptic populations. Typical (moderate spectral resolution) Spitzer results for comet C/2004 K4 are shown in Figure 7b, along with theoretical predictions of much narrower actual spectral lines.  The much higher spectral resolving power of EXES will permit robust measurements of individual rotational temperatures for ortho- and para-H2O isomers, and thus derivation of more accurate nuclear spin temperatures. Moreover, EXES can extend such measurements to the ortho-para-meta spin isomers of CH4 that cannot be sampled from the ground except (rarely) for comets with very large Doppler shift.

Because water is the dominant ice in cometary nuclei, we might expect HDO to be the most readily detectable isotopic variant. The D/H ratio in water measured in comets Halley, Hyakutake, and Hale-Bopp was enriched by a factor of two relative to terrestrial water. The enrichment is characteristic of ion-molecule chemistry below 30 K, and could be the signature of interstellar ice, or perhaps of X-ray driven ion-molecule chemistry in the nebula (Meier et al. 1998, Aikawa and Herbst 1999).  The observed enrichment has been used to argue against supply of Earth’s oceans of water by comets of this type. However, the ratio HDO/H2O should be lower in comets formed at higher temperature near Jupiter and Saturn, or from water diffused or advected outward from the terrestrial planets region, and such bodies may provide a means of supplying the Earth’s water. Measurements of the D/H ratio in future bright comets can test this hypothesis.  HDO has a strong fundamental band (2 ) near 7.1 µm that is accessible to EXES on SOFIA. Such comets are usually Targets-of-Opportunity that may require observing from unusual sites and at small solar elongation.  SOFIA is unique in its ability to observe from any suitable location around the world.

The value of D/H in molecules other than H2O can also provide unique insights into the formation temperature of pre-cometary ices. Their detection prospects depend on molecular production rates, isotopic fractions, and the specific observing geometry (geocentric and heliocentric distances). The isotopic fraction is enhanced for molecules having multiple sites available for deuterium substitution. Examples include CH3D (which has been targeted in comets, Kawakita et al 2005), NH2D, and C2H5D.
In addition, for many comets, SOFIA’s CASIMIR can access several different lines of H218O, which is optically thin and provides a measurement of the total water production rate complementary to EXES measurements (Bensch and Bergin 2004). Moreover, CASIMIR can observe the ratio of  18OH to 16OH, providing direct measurements of  the 18O/16O ratio in the comet formation region (Bergin et al 2008) – a parameter of increasingly current interest (Yurimoto et al 2007). 
Cometary organics: Even more than the primitive meteorites discussed in the previous section,  comets are rich in diverse classes of organic species (Bockelée-Morvan et al. 2004). Based on their parent volatile compositions, three cometary groups are emerging: organics -enriched, -normal, and -depleted. Related and independent measurements of nuclear spin temperatures and isotopic enrichments provide information on formation temperatures, and together these can constrain nebular conditions and radial transport affecting pre-cometary material in the early protoplanetary disk. For instance, the discovery of organics-enriched comets that also exhibit very low nuclear spin temperatures suggests the presence of a class of objects formed at very low temperatures, perhaps even from remnants of the natal interstellar cloud core. Also, the discovery of a class of comet with drastically depleted organic composition (Mumma et al 2001, Villanueva et al 2006) argues that icy planetesimals that formed in the Jupiter-Saturn (J-S) feeding zones of the protoplanetary disk represent a distinct population whose members were emplaced in both the Oort cloud and the Kuiper disk, as suggested by the Nice model, and which might have D/H ratios closer to terrestrial values. 

However, observations of these critical properties are sparse.  For example, the important end-member of oxidized carbon (CO2) can be observed only at infrared wavelengths from airborne observatories or in space, while nuclear spin species (ortho-para ratios) and rotational temperatures for CH4 and H2O are best measured from airborne altitudes or in space.  SOFIA can characterize other IR-unique parent volatiles not detectable from the ground (e.g., CS2), or with JWST (Table 1). Moreover, with its mapping capabilities and the wide fields of view of FLITECAM and FORCAST, SOFIA can determine whether distributed sources of CO and CO2 (i.e., volatiles in grains) are common in comet comae, and can constrain the parent sources for these volatiles. 

SOFIA’s advantages of duration, mobility, and flexibility: In the coming five years, five JFCs are feasible targets for SOFIA (Table 2), of which 103P/Hartley 2, target of the extended Deep Impact (EPOXI) mission, is most promising.  The next apparition of JFC 81P/Wild 2 in 2010 provides the first opportunity to supplement STARDUST mineralogical information with the organic composition of parent volatiles, allowing inference of the radial position at which this comet formed and thus the distance of radial transport of its mineral grains. These objectives can be addressed with EXES on SOFIA, and its early deployment is strongly encouraged.  Observing opportunities for LPCs have increased substantially in the last decade, due largely to early discovery by programs such as LINEAR and NEAT.  Based on recent experience, we expect that comets suitable for characterization will be discovered at a rate of two per year, and we estimate the rate of suitable JFCs to be one each year, bringing the total prospects to ~60 comets in SOFIA’s two decades of operation. Moreover, this extended time baseline maximizes our chances of observing a rare “new” comet, even if its optimum visibility is in the southern hemisphere. As mentioned previously, SOFIA’s ability to observe during daytime is particularly important for studies of comets, which are generally brightest when close to the Sun.  For this reason, unfortunately, ground-based telescopic observations are often limited (or impossible) when comets are at their most productive. In addition, the long-flight profiles (duration up to 6 to 7 hrs) permit observations of given comet over a substantial fraction of a nucleus rotational period in certain cases, a synoptic cadence not possible from ground-based facilities.  This permits a test for internal chemical heterogeneity of the cometary nucleus.  

In summary, SOFIA will characterize dozens of comets, from several different dynamical families, going anywhere on Earth to obtain the most favorable geometry and following them deeply into perihelion passage to observe the variations in the compositional properties of the ejected material. SOFIA’s spectral range and resolution will allow the mineralogy, water abundance, organic content, isotopic composition, and formation temperature to be observed nearly simultaneously, and the diversity of these properties to be correlated with the dynamical family of the comet. 

	Table 1. Selected Cometary Parent Science Unique to SOFIA

	Species
	µm,

cm-1
	Band
	Specific Intensity
	Targeted Science
	Uniqueness

	H2O
	6.3

1594
	n2
	2.21 x 10-4
	Ortho-H2O:  Q & Trot 

Para-H2O: Q & Trot 

Nuclear spin temperature

Total Production rate
	Doppler shift is needed.

Ground : Hot-bands only; 

   Qmin 100-fold larger; 

   Few para lines sampled.

SOFIA: weaker comets

   OPR more robust.

	HDO
	7.1

1402
	n2
	1.6 x 10-4
	HDO: Trot & Q 

D/H ratio in water
	No Doppler shift needed

Gnd-based possible at 3.7 µm.



	CS2
	6.5

1532
	n3
	2.4 x 10-3
	Production rate, Trot
Parent of CS?
	Unique to SOFIA

Obscured from ground

	CH4
	7.7

1306
	4
	1.1 x 10-4
	Ortho-para-meta species

Nuclear spin temperature

Production rates
	Unique to SOFIA 

6-fold less extinction at 12 km

Doppler shift is needed.



	CO2
	Hot-bands
	varied
	Key oxidized carbon species

Trot & Q
	Unique to SOFIA

Obscured from ground


	Table 2. Future Targets FY09 – FY13 (plus additional comets as they are discovered)

	COMET


	DATE

(available dates)
	Q1
1029 s-1
	R,

AU
	



AU
	-dot,

km/s
	FoM



	C/2007 N3 (Lulin)
	Jan - Mar '09
	0.29
	1.34
	0.51
	–38
	0.20

	22P/Kopff
	May - Aug '09
	1.0
	1.58
	1.02
	-10
	0.20

	81P/Wild 2
	Jan - Mar '10
	0.46
	1.60
	0.85
	-11
	0.10

	103P/Hartley 2
	Aug '10 - Jan '11
	0.25
	1.15
	0.22
	-11
	0.70

	45P/H-M-P
	Sept '11
	0.072
	0.96
	0.70
	+38
	0.12

	2P/Encke
	Oct. '13
	0.04
	0.69
	0.54
	+21
	0.3


2. Giant planets

2a.  Giant Planets in our Solar System

The gas and ice giants contain the bulk of the mass of our solar system.  Their internal and atmospheric structures and compositions constrain the characteristics of our own protoplanetary nebula and the planet forming process.  Also, the properties of our solar system’s giant planets, including cloud formation and atmospheric dynamics, serve as ground truth for interpreting necessarily cruder observations of the ever-growing number of extrasolar planets. 
 
Global studies: Bulk Composition and Dynamics: Observations of the Spectral Energy Distributions (SEDs) of the outer planets across the far-IR and sub-mm range of their peak thermal emission are the key to their bulk composition, thermal structure, and internal fluid dynamics.  These fundamental measurements remain incomplete or problematic in spite of multiple spacecraft investigations and decades of groundbased observations (Atreya et al 1999, 2003). 

The bulk composition of a gas giant is the single most critical input to models of the planet’s interior and its evolution. The conventional means for determining the He/H2 ratio has until now involved measuring He-broadening of 17 and 27 m H2 lines (e.g. Conrath & Gautier 2000).  However, that approach has been found to yield incorrect results for Jupiter, when compared with two self-consistent measurements from the Galileo entry probe. An alternate approach is to use broadband measurements of the SED from 17 to 500 m, and Cassini is using this approach for Saturn.

The bulk compositions of Uranus and Neptune, on the other hand, are currently known only from Voyager studies using the questionable H2 line-broadening technique,or from highly uncertain analysis of a combination of ISO LWS and SWS data (Burgdorf et al. 2006). Of equal scientific interest, and necessary for the determination of the He/H2 ratio, is the ratio between para- and ortho-H2, which can be determined from the relative strengths of the 27 and 17 m H2 lines. This ratio is an indirect tracer of deep atmospheric motions that cannot be measured directly. Finally, to determine these disk-averaged values for Uranus and Neptune, careful fitting of model spectra must be done to the observations over a wide spectral range, and a solution must be made for the average temperature and opacity profile in the upper troposphere (~80 – 400 mbar pressure) of each planet.   Recent observations find that even the opacity profile is uncertain (Burgdorf et al. 2003).  Figure 8 shows a large discrepancy between the best current (Spitzer) observations of Neptune and models based on earlier observations. The Spitzer SED shape is impossible to fit with existing models. This is a mystery that cries out for further study, and SOFIA may be the optimum facility to accomplish this. It is interesting to note that a similar puzzle exists even for Jupiter, where in-situ measurements of nitrogen abundance by Galileo are globally inconsistent with the best fits to groundbased microwave observations (Atreya et al l999). 


SOFIA spectra of all four gas giants would encompass the entire interesting bolometric spectral range between 12 and 500 m. The measurements would be accomplished initially by combining observations using FIFI-LS (42-210 m) with shorter-wavelength coverage provided by a series of discrete filters in FORCAST between 5 and 38 m. From these full spectra, temperatures may be deduced both in the upper troposphere of each of these bodies, and also much deeper – down to several bars of pressure (for Uranus and Neptune) from the same set of observations. This will prevent possible time variability from becoming a confusing factor. The prospect of obtaining more detailed SEDs across the crucial wavelength range, and higher-quality determination of the giant planets’ global properties, is offered by the eventual addition of grisms to FORCAST. 

FORCAST observations will also significantly aid the analysis of already existing Spitzer/IRS spectra of Uranus and Neptune by providing a solid calibration, and can remove remaining uncertainties in Herschel’s calibration as well.  In the 19-38 m spectral range, Spitzer/IRS has been plagued by systematic problems such as a mismatch between grating orders covering the crucial 17 and 27 m spectral range discussed above and seen in Figure 8.   
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Figure 8: Spectrum of Neptune in the difficult and important mid-IR region unique to SOFIA. The locations of the emission cores of the broad H2 collision-induced S(0) and S(1) rotational lines are also indicated. Spitzer IRS Long-High spectra are shown in red crosses and Short-High spectra are shown by the blue lines. A model fitting ground-based data from the 1980s (Orton et al. 1987, diamonds) and ISO LWS (filled circle) and SWS (filled boxes) data are also shown. Spectral regions covered by SOFIA FORCAST’s 38.0, 30.0, and 24.4 μm filters are shown schematically at the upper left. Optimal results would be obtained by augmenting FORCAST with grism spectroscopic capabilities in this and shorter-wavelength regions. 
Fluid dynamics and vertical flows: SOFIA observations can usefully complement and improve on ground-based observations of the 17-20 m region, which are sensitive to 100-400 mbar temperatures, because of its greatly diminished atmospheric noise and absorption by terrestrial water vapor. These observations also address variability of the para- vs. ortho-H2 ratio, an important tracer of deep fluid dynamics and vertical winds. Adding FORCAST imaging observations at 24.5, 30, and 38 mm (see Figures 8 and 9), would provide more leverage on the spatial variability of the para- vs. ortho-H2 ratio (both horizontal and vertical. The para- vs ortho-H2 distribution with latitude is not well understood. Voyager IRIS results at Jupiter showed some correlation with belts and zones, but this small variability is overlain on a very broad minimum of para-H2 toward low latitudes, with a general tilt toward one of the hemispheres.  It will be interesting to see whether this continues to be the case, and to map the variations into general rising or falling patterns of atmosphere in a large Hadley-cell-like structure, because the deep circulation of the gas giants is very poorly understood.  Surveying the para- vs ortho H2 distribution with time (Jupiter has a 12-year period) can determine whether seasonal influences are present; Saturn can also be observed this way, probably beyond the end of Cassini’s operational lifetime.

[image: image13.png]38.0 um



 

Atmospheric Chemistry: SOFIA will carry several high-resolution spectrometers in its first-generation instrument set: CASIMIR, GREAT and EXES, providing the means to investigate the global chemical inventory of all the gas giants - with spatial resolution in the atmospheres of Jupiter and Saturn. Over its three year mission, Herschel will observe all gas giants from 60-120m, with spectral resolution R~103, plus Jupiter and Saturn only at 160-620m with a focussed concentration on H2O, plus Uranus and Neptune only at 200-600m and R=20. SOFIA, thus, is able to convert this spot coverage into systematic observation of all four gas giants over their entire bolometric range and at high spectral resolution. 
SOFIA’s GREAT spectrometer will provide far better spectral resolution on all gas giants in the 60-180m range than Herschel’s PACS, and CASIMIR will provide our only observations of Jupiter and Saturn at 200-600m. The missing 120-200 m range for Uranus and Neptune can be covered by SOFIA’s  FIFI-LS and SAFIRE.  While Herschel’s HIFI is able to cover the 200-600m region at very high spectral resolution, it is focussed on studies of water, so SOFIA observations of other species and wavelength ranges will be unique. FORCAST (especially with a grism) will provide much higher spectral resolution than Herschel’s through the mid-infrared.  EXES will provide high-resolution capabilities over selected spectral regions between 5 and 28 m, including regions rich with molecular signatures between 14 and 17 m; among the most exciting opportunities in this expanded spectral range (see Titan section) would be the search for higher order hydrocarbons such as benzene (C6H6) and propane (C3H8) in Uranus and Neptune which are otherwise buried among acetylene (C2H2) lines, and the verification or identification of lines and their isotopes – such as diacetylene (C4H2) and methyl acetylene / propyne (C3H4). In the 50-500m wavelength range are lines belonging to known constituents such as H2O, CO, NH3, PH3 and HD, together with possible new lines of  HF, HBr, HI, InBr, AsF3, BgH3, HCP and H2Se (Bezard et al 1986).  Only upper limits to several of these species have been obtained for the atmospheres of Jupiter (Fouchet et al. 2004) and Saturn (Teanby et al. 2006). Several of these (P in particular) have been proposed as potentially important opacity sources, perhaps capable of resolving the global spectrum paradoxes mentioned above, and others are tracers of nonequilibrium processes, manifesting upwelling flows or micrometeoroid bombardment. SOFIA’s sensitivity here is somewhat better than ISO’s, where these searches have been done previously. Thus, many discovery-level observations are possible. 

Spatial and temporal variations: SOFIA’s longevity also means that the outer planets can be observed over decades to study time dependence.  This will be particularly useful for Saturn, Uranus and Neptune which undergo substantial changes in Earth and Sun-facing geometries, enabling an assessment of the extent of spatial/seasonal variability over their disks. SOFIA instruments can track seasonal and non-seasonal changes in the atmospheres of Jupiter and Saturn with spatial resolution, for decades, mapping temperatures and abundances at several vertical levels. While Herschel will study lateral variability of H2O and CO in the stratospheres of Jupiter and Saturn, SOFIA’s instruments are capable of high-resolution observations at shorter wavelengths and can, in principle, determine the vertical variations of H2O and CO abundance as well. SOFIA can map stratospheric molecular emissions in Jupiter and Saturn, including those from higher-order hydrocarbons such as cited above for Uranus and Neptune, tracking the seasonal dependence of constituents too faint for Cassini’s IR spectrometer to detect, and after the end of the Cassini mission.  Although we know that complicated photochemistry takes place in Jupiter’s stratosphere, it is still largely unexplored because the relevant wavelengths are mostly inaccessible from Earth.  One example is the appearance of various molecules such as benzene in Jupiter’s auroral-related stratospheric polar hot spots (Kim et al. 1985). 

Summary of gas giant fundamental advances: SOFIA can observe all four gas giants across their full bolometric spectrum. This full coverage will solve outstanding questions regarding atmospheric structure (temperature, bulk composition, opacity, vertical upwelling). Moreover SOFIA’s unparalleled spectral coverage and resolution, generally exceeding any other facility, will discover and map many key molecules spatially and vertically. 
2b. Exoplanets

The discovery – and proliferation – of planets orbiting other stars is one of the most exciting growth stories in astronomy. Over 50 planets are known to transit their primary stars.  Among the universe of all extrasolar planets, transiting planets are particularly useful because they offer the opportunity for substantial followup. As more transiting exoplanets are discovered by large ground-based surveys, and especially with the upcoming launch of Kepler and other spacecraft missions dedicated to discovering these objects, the number of targets available for in-depth study will continue to grow rapidly in the operational lifetime of SOFIA. 

Dedicated followups of transiting exoplanets provide several kinds of fundamental information. First, the radius of the planet can be directly measured (given knowledge of the stellar diameter) which, combined with a mass measurement from radial-velocity measurements, gives the bulk density and thus a probe of the planet composition.  Second, variations in apparent planet size with wavelength provide information on atmospheric composition (Seager & Sasselov, 2000).  At wavelengths where the atmosphere absorbs strongly, the planet appears larger as it transits its star.  By measuring transit depths in several bands simultaneously (or even better, spectroscopically), atmospheric composition can be discerned (Figure 10).   This requires a relative precision of about 10-4 between wavelength bands. Transit spectroscopy revealing sharp molecular lines will be effective at detecting H2O, CH4, Na, K, TiO, VO and other expected atmospheric constituents.  On the other hand, relatively featureless transit spectra would imply that hazes or clouds are present relatively high in the atmosphere.  Transit spectroscopy from SOFIA will be particularly powerful for detecting exoplanetary water vapor, which is of course both of great interest and a difficult measurement to make from the ground. 
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	Figure 10: Apparent planet radius (km) as a function of wavelength (mm) of an HD189733b-like planet with effective temperatures ranging from 2250 K to 750 K in steps of 500 K.  Note that atmospheric chemistry varies with temperature as do the strengths of most important molecular absorbers.  The scale height also shrinks at cooler temperatures. Models courtesy J. Fortney.



	







	


Transits with HIPO: The occultation photometer HIPO on SOFIA is very well suited to transit observations.  The combination of multiple filters on the instrument filter wheel, and the flexibility of swapping observation-specific filters in and out, mean that searches for specific atmospheric species, like H2O, TiO, VO, K, Na, and CH4 are possible (Figure 10).  Note that some of these species, while less familiar to planetary scientists, are important components of extrasolar giant planet atmospheres.  Some, like Na or TiO, are important thermometers, yielding information on atmospheric temperature as well as composition. The HIPO PI estimates (Dunham et al. 2007) that SOFIA will produce transit light curves with S/N comparable to that of the Keck telescope by making use of simultaneous, differential observations between occulted and unocculted field stars.  HIPO is already complete and thus available to begin observations with the first science fights of SOFIA.  Additional, specialized filters or a grism would expand HIPO opportunities, allowing full spectra (and thus, many atomic and molecular species) to be obtained simultaneously.

SOFIA can observe the Kepler field, and HIPO can confirm planet transit detections by ruling out rare false positives (such as background eclipsing binaries) by measuring eclipse depths at several wavelengths. HIPO could also measure atmospheric composition for the larger planets in the Kepler field, particularly around the brighter stars (which enable the highest S/N observations). Planets discovered by TESS (the proposed Transiting Exoplanet Survey Satellite), particularly those around stars too bright for followup by JWST, would be excellent SOFIA targets.  Furthermore, by observing many transiting planets SOFIA could recognize those planets with unusual spectra that particularly merit JWST followup and thus improve the science yield of that facility. 

Transit Spectroscopy with FLITECAM: FLITECAM can also be used for transit observations, allowing for spectroscopic measurement of planetary transit radii into the near-infrared.  Important opportunities would be detection of strong molecular bands of  H2O, CO and CH4 (see Figure 10). One possible “near term” upgrade shows promise of improving FLITECAM’s utility for exoplanet transit observations. HIPO could be upgraded to serve as an automated adaptive pointing controller, to ensure that the target remains on the same few FLITECAM pixels throughout each “observation”, substantially reducing systematic effects and optimizing full spectroscopic measurements of each transit.

Secondary Eclipses: a Second Generation Instrument: A third class of transit measurement, as yet only fully successfully demonstrated by Spitzer, is to observe secondary eclipses, i.e. the decrement in thermally emitted flux as the planet disappears from view behind its primary star.  This provides information on the atmospheric temperature at optical depth unity.  Observing at multiple wavelengths allows a thermal emission spectrum to be constructed.  Such observations require a precision of at least 10-3 with adequate stability over several hours before, during, and after eclipse (typically 2-5 hours) so that the flux decrement can be compared to the total flux measured when both the star and planet are in sight (Deming 2008).
Spitzer, which has dramatically changed our understanding of these planetary atmospheres, is nearing the end of its cold mission, and beyond the spring of 2009 will only have two IRAC photometric channels to bring to bear on exoplanets. JWST will be the platform of choice for this kind of observation because of its far higherr sensitivity (its moderate spectral resolution is not a serious limitation here), but observing time will be at a premium and JWST’s instruments will saturate on target stars brighter than about 8th magnitude, which might include many of the TESS targets. 
By flying above most of the variable terrestrial water vapor, SOFIA likely offers a much more stable platform from which to observe secondary eclipses than from the ground. SOFIA should in principle robustly detect secondary eclipses (S/N ~ 10) in a few hours on planets (Teff ~ 1500 to 1700 K) orbiting stars brighter than V magnitudes of 8 to 9 in the 2 to 5 mm wavelength range with FLITECAM (Herter 2008).  Systematic effects will of course play an important role in such observations, so the actual performance of FLITECAM or some other camera will await validation by actual observations. 
A second generation near- to mid-infrared instrument optimized for obtaining secondary-eclipse spectra, might be considered. Requirements for such an instrument would include excellent stability over several hours, sensitivity to small variations in flux, and generally low noise.  Even modest spectral resolution (R~10) would be of value for characterizing planets in the mid-infrared and would be an improvement over Spitzer/IRAC’s 3 to 6 mm photometry.
	

	


Flexibility: Most of the currently known transiting planets have periods of under a week or so, thus many transit observing opportunities are available.  As transit surveys, particularly by Kepler and the proposed TESS, turn up more long-period (months or even a year) transiting planets, (probably hundreds of them, and dozens around bright stars inaccessible to JWST) SOFIA’s flexibility in observing location and immunity from cloud cover will be particularly important, in order to ensure capturing these rare and valuable events.  SOFIA will be able to observe any transiting planets in the Kepler field for up to 5 hours by flying from California to Iceland. TESS is an all sky survey, and some candidates might not be optimally placed for large groundbased facilities, but all discoveries would be observable by SOFIA.  In addition, the southern sky has not yet been surveyed for transiting planets to the extent the northern sky has been.  Thus we expect several additional outstanding transiting planets (like HD 209458 b or HD 189733b) to be found by southern hemisphere ground-based surveys. 
All four giant planets of our solar system are enriched in heavy elements over solar abundance (Marley et al. 2007).  This enhancement is likely a signature of the giant planet formation process in the solar nebula.  A key goal of exoplanet science is to understand if this enrichment is a universal signature of giant planet atmospheres or if it varies based on formation mechanism or other property of the planet (mass, orbit, primary star type, etc.). SOFIA will answer this question and also assess how the bulk exoplanet atmospheric composition compares to the parent star's metallicity, and how the composition of exoplanet atmospheres varies with distance from the primary star. The composition can be related to the photospheric temperature to give an assessment of the structure of the planet’s atmosphere.
3. Small worlds of our solar system: Titan and Venus

3a. Titan : a pre-biological organic laboratory

Titan has long been a target of central interest from the standpoint of organic chemical evolution; its low abundance of atmospheric H2 allows chemical pathways to proceed to great complexity that cannot occur in the atmospheres of the gas giants. In spite of many new results obtained by the Cassini orbiter and Huygens probe, there are a number of missing key measurements that only (or optimally) SOFIA can make. SOFIA has several advantages over Herschel, Spitzer and other ground-based telescopes for Titan studies: its wavelength range is broader and captures more molecules (especially in the short-wavelength range and outside the “atmospheric windows”, e.g. CO, CH4, C2N2, C4N2, HC3N, etc) as well as more lines per molecule, and it has a long mission duration. 

SOFIA can observe continuously over the critical time gap between Cassini and a possible follow-on mission, during which the Saturn system executes a half seasonal cycle (Northern Solstice to Southern solstice). This allows Titan’s full seasonal and latitudinal variability to be observed with consistent instrumentation and calibration, connecting Cassini (and even Voyager, 1980) observations with future mission results. One thing Cassini has taught us about the Saturn system is that it is temporally- and seasonally- variable. Herschel of course will observe Titan, but will concentrate on the water question, and is limited in wavelength coverage and duration. 

Atmospheric chemistry: Perhaps the main novel results that SOFIA can contribute to Titan science are breakthroughs in atmospheric composition and chemistry from high-spectral resolution, far-infrared (with GREAT and CASIMIR) and mid-infrared (with EXES) spectroscopy. Of particular importance in the sub-mm spectral range are nitriles and heavy-Chydrocarbons, which Cassini’s Orbiter Mass Spectrometer (INMS) has proven to exist in the ionosphere to its mass limit of 6 or 7 carbon atoms. Unique Titan science with ISO, at even lower spectral resolution than SOFIA (a few times 103), allowed for the first detections of H2O and C6H6.  Thus, SOFIA’s ability to achieve R ~ 104 – 107 at comparable sensitivity should allow for new molecular and isotopic detections. 
Observable in the sub-mm range, (not covered by ISO and recorded with very poor S/N by Cassini), are lines of key molecules including CH4, CO, and HCN – the starting links in the chemical evolution chain – which may be detected and fully analyzed for the first time. SOFIA’s broad wavelength range will allow for these molecules to be sampled in different resolved lines (around 1256 and 1569 GHz for instance), giving a constraint on the thermal profile and their vertical distribution in novel altitude regions (several hours’ integration times will be required to assess the rotational lines of CH4 with GREAT and CASIMIR). The outcome of all these complementary studies is the exploration of a very rich spectral region, as yet unexploited on Titan. Also, studies of isotope ratios in C, N, and O, bearing on the formation of Saturn, Titan, and the solar system, can uniquely be done with this high spectral resolution and wavelength coverage. 

Simulations of the signatures of heavy nitriles (CH3CN, etc, Figure 1) indicate that they can be detected for the first time in the 550-1200 GHz range with CASIMIR (20-sigma line detection in ??? seconds The problem here is that we don’t have the detailed numbers for the Temperature of the receiver for CASIMIR and GREAT (what we found on the web dates back to 2004 and is incomplete) to be able to calculate properly the sensitivity of the instruments. Basically we are limited by the S/N which needs to be > 20 to do any useful science vs the beam, which increases with frequency) and hence provide information on the highest degree of complexity achieved in Titan’s organic chemistry.  

In the middle-infrared range, complementing ground-based, Cassini and ISO observations (e.g. benzene was first detected by ISO/SWS because of its high spectral resolution and reasonable integration times, and allene has only been tentatively suggested by ground-based TEXES observations), EXES can be used to search for higher hydrocarbons and nitriles in Titan’s stratosphere, benefiting from the lack of atmospheric interference from telluric H2O and CO2. This gives access to windows unattainable from the ground in which organics predicted by models and laboratory experiments, such as C6H2, C8H2, C5H2, C4H4, CH2CHCN, CH3CH2CN (Table), and many others, remain to be seen (Coustenis et al 2003 and references therein). 
Temperatures, winds, and weather:  Given SOFIA’s ability to conduct high spectral resolution studies of CH4 at several wavelengths, we will be able to monitor Titan’s “hydrological” cycle, which is known observationally (Griffith et al 2000; Porco et al 2005) and expected theoretically (Lorenz 2000) to be highly variable on decadal (or even longer) timescales. The sinuous carved channels imaged by the Huygens probe must result from rare, but torrential, periods of CH4 rain; consistent studies of spectroscopic methane opacity variations  over SOFIA’s several decades of operational lifetime could be crucial to understanding this fascinating weather cycle.

In summary, because of its higher sensitivity and spectral resolution, SOFIA can greatly extend and enhance past ISO and Cassini observations (which have lower spectral resolution) and Herschel observations limited in wavelength range and time. Thanks to its long operational lifetime, SOFIA will build a bridge to future spacecraft exploration of the Saturnian system. Major atmospheric constituents such as CH4, CO and HCN will be studied and monitored. High molecular weight hydrocarbons and nitriles only hinted at by Cassini (or seen only in the laboratory) may be observed directly, and their globally averaged vertical distributions inferred. SOFIA will also monitor seasonal atmospheric variations, including the methane “monsoon” cycle.









3b. Venus: “Earth’s neglected sister”
Comparable to the Earth in mass and perhaps even initial volatile content, Venus may have lost nearly all its hydrogen to a fierce runaway greenhouse effect; understanding its initial conditions would provide a crucial point in unraveling the formation of the Earth and other terrestrial planets
. Moreover, its slow rotation leaves it in an unusual atmospheric dynamics regime, including a rapidly rotating middle atmosphere which has so far defied theoretical modeling and remains poorly understood, in spite of visits by several flyby spacecraft and even entry probes
. 
One particular area in which observations of Venus have been seriously lacking, where SOFIA can almost play the role of a spacecraft, is in high-resolution spectroscopy. With the failure of the high-resolution (1.2 cm-1) mid-infrared Planetary Fourier Spectrometer (PFS) aboard the otherwise highly successful Venus Express, the last spectroscopic observations of Venus at middle- to far-infrared wavelengths by a spacecraft were by the somewhat lower resolution Venera-15 spectrometer (5 cm-1) and
 the Pioneer Venus Orbiter InfraRed (PVOIR) experiment, whose power supply failed after only one
 month of operations in orbit.  The last attempts at this from the Kuiper Airborne Observatory (Aumann and Orton 1976, Aumann and Orton 1977, Aumann et al.1982) were not at sufficiently high resolution to detect individual molecular signatures. Venus was not available to ISO and will not be available to Herschel, because of solar elongation limitations; however, Venus is available to SOFIA investigations for six months around its maximum elongation from the Sun both before sunrise and after sunset, so SOFIA will become the facility of choice for study in spectral regions unavailable from the Earth at least until another spacecraft with a mid- to far-infrared high-resolution spectrometer visits Venus – and none is currently approved to do so.
 

Another area in which SOFIA can make a significant contribution is spectral imaging.  Because Venus presents an apparent diameter of 25” at elongation and provides ample signal, SOFIA can map the variability of a number of important constituents in space and time. This is an extremely valuable capability and complements the spectroscopic observations that can be made by Venus Express, many of which occur predominantly at high northern latitudes. Observations from SOFIA in 2009-2012, for example, of H2O and HDO can bridge the existing gap between Venus Express observations at high northern latitudes and ground-based sub-millimeter observations at low latitudes.  WHAT LINES? HOW STRONG? etc

Atmospheric structure: Pioneer Venus mapped the high-level H2SO4 haze in the UV, using spatial variations and wind speeds to constrain the stratospheric super-rotation  (which is currently not understood). SOFIA’s longer wavelengths can penetrate this haze of tiny particles, and observe the composition and dynamics of the atmosphere to the tops of the opaque sulfuric acid cloud deck at 70km altitude– much like Cassini’s VIMS has penetrated Titan’s haze in a way that Voyager could not.
 For instance, SOFIA (EXES) could access the 15 m CO2 band, giving the wind structure in the entire unstudied middle atmosphere, which lies between the observable cloud tops and the high altitude regions accessible to CO rotational lines at microwave wavelengths. 

Chemical and isotopic composition: Key goals for spectroscopy of Venus would also include a number of molecules of interest to atmospheric chemistry which have absorption and emission
 lines throughout the spectral region accessible only to SOFIA. Some of these molecules may act as catalysts, offering keys to atmospheric chemistry and evolution and maybe the key to atmospheric escape. Chlorine, for instance, is an important atmospheric catalyst; HCl is known to be present and modeling suggests a range of chlorine oxides should be formed from photodissociation of HCl.
 These chlorine oxides may help resolve the question of why CO2 appears to be even more stable against ultraviolet photodissociation on Venus than it is on Mars. Some key molecules in theoretical models – such as ClCO, COCl2, and ClC(O)OO – all critical elements of theoretical chemical pathways - have in fact never been observed at all but have lines in the 10-50m spectral range (Mills and Allen 2007, Pernice et al 2004). Deuterated species (e.g DCl)  are both readily observable and potentially diagnostic of atmospheric chemical pathways. This illustrates a strength of SOFIA--DCl is potentially observable by Venus Express but the only DCl lines that can be observed by Venus Express are blended with strong CO2 lines.   In conjunction with these long-wavelength observations, O2 and OH airglow lines between 1-3m can be mapped to provide important upper-atmosphere boundary conditions, as has been shown by Venus Express (Piccioni et al 2008) for Venus’ northern latitudes. Finally, molecules critical to the cycle which maintains the stratospheric sulfuric acid haze include SO and SO2.
 SOFIA can observe and create vertical profiles of all these important molecules. 

In addition, isotopic ratios in key species such as H and O can be constrained. The most important molecules for atmospheric escape are H2O and HDO (which is fully 1
% as abundant as H2O above the clouds, and hundreds of times more abundant than in Earth’s atmosphere).  These have been observed by Venus Express (in Near-IR occultations). Strange and unexplained factor-of-two vertical variations were seen in H2O and HDO abundances that may relate to dynamics and probably require horizontal mapping to understand. 
There are several reports of time variations in the composition of Venus' atmosphere which have led to suggestions of volcanic activity; while controversial, such a discovery would be important for understanding the long-time stability of the atmospheric sulfur cycle that maintains the clouds. Time variations in the molecules described above might be a confirmation of this sort of variability. Recently, Venus Express has observed that thermospheric temperatures changed dramatically since Pioneer Venus (Bertaux et al. 2007). SOFIA's long duration is important to such continued surveillance of processes that might have decadal timescales. Moreover, if the upper atmosphere is warming (either sporadically or steadily) and develops a thermal inversion, new molecules might well be detectable in emission with high-resolution observations using EXES or SOFIA’s heterodyne instruments. 
By circumstance, Earth’s sister planet has never been thoroughly explored with broadband, high resolution spectroscopy, so many molecules predicted by theory have never been detected. SOFIA can play the role of a Venus-focussed spacecraft with the  potential for discovery-level science regarding key components of the atmospheric chemical network, and the ability to map lateral and vertical variations well below the visible haze layer, as well as variations with orbital phase and time – perhaps confirming suggestions of sporadic volcanic activity. 
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Figure 3.  Examples of the variety of 3-(m band shapes observed recently for large Main Belt asteroids.  The Pallas spectrum is typical of many asteroids, and is consistent with serpentine-type hydrated silicates.  The Ceres spectrum is complex and not yet understood, particularly the sharp band at ~3.1 (m.  The Themis spectrum may be due to fine-grained water frost on the surface.  The three Main Belt comets mentioned above (Hsieh and Jewitt 2006) are in or near the Themis collisional family and may be fragments of the same object.  Sources: Pallas – Rivkin et al. (2003); Ceres – Rivkin et al. (2006); Themis – Rivkin and Emery (2008).





Figure 2.  Emissivity spectra of three Trojan asteroids illustrating the amplitude of emissivity features detected on asteroids using the Spitzer space telescope.  Features with such large (10 to 15%) spectral contrast would be detectable with SOFIA for objects brighter than XXX 250 mJy, which constituteamounts to about some number/fraction 1700 of asteroids.  Figure from Emery et al. (2006).





Figure 1.  Model thermal fluxes for representative objects in near-Earth space (~1 AU), the Main Belt (~2.5 AU), and the Trojan swarms (~5.2 AU).  The solid lines assume a visible geometric albedo (pV) of 0.13.  The dashed lines show models for pV of 0.30 and 0.04 for the middle size on each plot to illustrate the much stronger dependence of flux on size than albedo. Sensitivity points (red symbols) in figure 1a represent S/N = 10 measurements of continuum flux density in 1 hour with FORCAST, using 0.1-1(m resolution (roughly 25mJy). 
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Figure 9: 24.5-m image of Jupiter from the NASA IRTF (2008 Aug. 8), showing variability of thermal emission across the disk.  Diffraction-limited resolution for FORCAST 30.0- and 38.0-m images are indicated schematically.  These are sufficiently small to resolve major banded structure and large features.  Jupiter’s diameter viewed from Earth ranges from 35 to 42 arc seconds.  





Figure 4:   Photometric measurement with the Kuiper Airborne Observatory of a star as Pluto passed in front of it.  The gradual transitions on either side of the occultation indicate the presence of the planet’s atmosphere, and the small irregularities on the lightcurve provide more details about its structure.








Figure 6: Measured mass absorption coefficients for silicates of different Fe/Mg ratio (equivalent to thermal emission spectra of small particles). Top: pure Fe end-member silicate; bottom: pure Mg end-member silicate. Notice that most of the discriminability is at mid-IR wavelengths inaccessible from Earth. Plot taken from Koike (2003). 














�I think Dave Stevenson has opined that its likely to be impossible to reliably estimate the initial conditions for Venus due to the changes that have occurred over its lifetime.  Much more likely to be able to reconstruct Venus’ recent (~ 500 Myr) history.  


�Not sure if any of this has been published and not sure how well it’s accepted  but the impression I get from Fred Taylor’s conference presentations is that the physical processes underlying the superrotation are reasonably well understood even if the superrotation is not reproduced well in numerical models.  Dave and others will be able to provide more expert commentary.  


I reorganized this somewhat because the Venera 15 spectrophotometer was actually far more sensitive to many species than the PV OIR.�


�I thought this was 71 days?


�Japan’s Venus Climate Orbiter is approved and under construction for launch and arrival in 2010 but it will not have a spectrometer onboard.  


�Parts of this are correct but parts don’t seem correct.  UV images from PVO and VEx have been used to track persistent features in the upper cloud layer and from the tracks infer winds at 62-70 km altitude.  See Sanchez-Lavega et al 2008 accompanying this.  Millimeter and sub-millimeter observations provide winds at 90-115 km.  See slide from a Todd Clancy presentation accompanying this.  Historical difficulty has been to directly observe winds between these two altitude ranges.  


�this covers airglow emission as well as absorption of sunlight or background thermal emission.  


�I don’t think ClO has been detected yet.  


�Krasnopolsky 2008 placed an upper limit on H2S and it’s not likely to be found in or above the upper cloud.  OCS was detected by Krasnopolsky 2008 with abundances of  15 ppb (64 km), 3 ppb (68 km), and 1ppb (70 km) using CSHELL (4e4 resolving power  at 2.4 or 3.7 micrometer).  


�Closer to 1-2% than 10%
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