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100 — New Horizons Plenary Session

100.01 — The Pluto System: Initial Results from the
Exploration by New Horizons

The Pluto system was recently explored by NASA’s New Horizons
spacecraft, which made closest approach on 14 July 2015. Pluto’s
surface is found to be remarkably diverse in landforms, terrain
ages, and albedo, color, and composition gradients. Strong
evidence is found for a water-ice crust, geologically young surface
units, ice convection, wind streaks, and glacial flow. Pluto’s
atmosphere is found to be very extended, and contains newly
discovered trace hydrocarbons, has an extensive global haze layer,
and a surprisingly low surface pressure of ~10 microbars. Pluto’s
wide range of surface expressions and long term activity raises
fundamental questions about how small planets can have active
processes billions of years after their formation. The geology of
Pluto’s large moon Charon’s is also surprisingly diverse, displaying
tectonics and evidence for a heterogeneous crustal composition;
the north pole displays puzzling dark terrain. No evidence for a
Charon atmosphere is found. Pluto’s small satellites Hydra and Nix
are small, elongated objects with higher albedos than expected.
Surprisingly, despite much improved diameter limits, no new
satellites are found. We will present an overview of the New
Horizons flyby, payload, and results. This work was supported by
the NASA New Horizons project.

Author(s): S.A. Stern4, Harold Weaverl, Leslie Young4,
Catherine Olkin4, Kimberly Ennico3, Jeff Moore3, Will Grundy?2,
Randall Gladstone5, Fran Bagenal©®

Institution(s): 1. Johns Hopkins Applied Physics Laboratory, 2.
Lowell Observatory, 3. NASA Ames Research Center, 4. SWRI, 5.
SwRI, 6. University of Colorado

100.02 — New Horizons Investigations of Charon and
Pluto's Small Moons

During the flyby of the Pluto system in July 2014, the instruments
on the New Horizons spacecraft (Weaver et al. 2008, Space Sci.
Rev. 140, 75) acquired spatially resolved measurements of Charon
and Pluto's small moons (Styx, Nix, Kerberos, and Hydra). The
sunlit hemisphere of Charon was mapped in panchromatic light
with resolutions as high as 0.15 km/pix using LORRI, and in four
different color bands (400-550 nm, 540-700 nm, 780—975 nm,
860-910 nm; the latter is centered on a weak CH4 band) with
resolutions as high as 1.4 km/pix using MVIC. Composition maps
of Charon were obtained with the LEISA infrared spectral imager in
the wavelength range 1.25-2.50 microns, with a spectral resolving
power of ~250 and with spatial resolutions up to 4.9 km/pix. Solar
occultation observations with the Alice ultraviolet spectrograph,
and radio occultation measurements with REX, were used to
search for an atmosphere around Charon. Nix was observed by
LORRI in panchromatic light at 0.30 km/pix, by MVIC in color at
2.0 km/pix, and by LEISA at 3.6 km/pix (the latter to be
downlinked later). Hydra was observed by LORRI in panchromatic
light at 1.1 km/pix, in color at 4.6 km/pix, and by LEISA at 14.9
km/pix (the latter to be downlinked later). Limited resolved
measurements of Kerberos (2.0 km/pix panchromatic; 8.0 km/pix
color) and Styx (3.2 km/pix panchromatic; 8.0 km/pix color) were
also obtained but have not yet been downlinked. An extensive
series of unresolved, photometric measurements of Pluto's small
moons were obtained with LORRI during several months
preceeding closest approach in mid-July, which place tight
constraints on their shapes and rotational states.

The New Horizons data have revealed that Charon has surprisingly
diverse terrain, with evidence of tectonics and a heterogeneous
crustal composition. Nix and Hydra are highly elongated bodies
with high average albedos (suggesting water-ice dominated
surfaces) and significant albedo and color variations over their
surfaces. We will present estimates for the densities, spin periods,
and physical properties of all the small satellites. This work was
supported by NASA's New Horizons project.

Author(s): Harold A. Weaver2, S. A. Stern5, L. A. Young5, C.
B. Olkin5, K. Ennico4, J. M. Moore4, W. B. McKinnon7, J. R.
Spencer5, W. M. Grundy3, D. P. Cruikshank4, G. P. Gladstone5, M.
E. Summers?, F. Bagenal6

Institution(s): 1. George Mason University, 2. Johns Hopkins,
APL, 3. Lowell Observatory, 4. NASA Ames Research Center, 5.
Southwest Research Institute, 6. University of Colorado, 7.
Washington University

100.03 — Geology of Pluto and Charon Overview

Pluto’s surface was found to be remarkably diverse in terms of its
range of landforms, terrain ages, and inferred geological processes.
There is a latitudinal zonation of albedo. The conspicuous bright
albedo heart-shaped feature informally named Tombaugh Regio is
comprised of several terrain types. Most striking is Texas-sized
Sputnik Planum, which is apparently level, has no observable
craters, and is divided by polygons and ovoids bounded by shallow
troughs. Small smooth hills are seen in some of the polygon-
bounding troughs. These hills could either be extruded or exposed
by erosion. Sputnik Planum polygon/ovoid formation hypotheses
range from convection to contraction, but convection is currently
favored. There is evidence of flow of plains material around
obstacles. Mountains, especially those seen south of Sputnik
Planum, exhibit too much relief to be made of CHy, CO, or N5, and
thus are probably composed of HoO-ice basement material. The
north contact of Sputnik Planum abuts a scarp, above which is
heavily modified cratered terrain. Pluto’s large moon Charon is
generally heavily to moderately cratered. There is a mysterious
structure in the arctic. Charon’s surface is crossed by an extensive
system of rift faults and graben. Some regions are smoother and
less cratered, reminiscent of lunar maria. On such a plain are large
isolated block mountains surrounded by moats. At this conference
we will present highlights of the latest observations and analysis.
This work was supported by NASA's New Horizons project.

Author(s): Jeffrey M. Moore2, S. A. Stern3, H. A. Weaverl,
Leslie A. Young3, Kimberly Ennico2, Cathy B. Olkin3
Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. NASA Ames Research Center, 3. Southwest
Research Institute

100.04 — Pluto System Surface Composition Results

This talk will present an overview of surface composition
discoveries from New Horizons' exploration of the Pluto system.
The emphasis will be on results that could only have been obtained
thanks to the uniquely high spatial resolution provided by a
spacecraft visit. The Ralph instrument is New Horizons' primary
tool for investigating surface compositions in the Pluto system.
Ralph consists of a near-infrared spectral imager sharing a 75 mm
aperture telescope assembly with a color CCD camera system. The
Linear Etalon Imaging Spectral Array (LEISA) component of Ralph
provides spectral coverage from 1.25 — 2.5 um, at a resolving power
(\/AMN) of 240. Ices such as CHy, Na, CO, COp, CoHe, NHg, and
H50 have uniquely diagnostic absorption bands in this wavelength
region. The Multi-spectral Visible Imaging Camera (MVIC) has 7
CCD arrays of which 4 have interference filters affixed directly on
the focal plane. The filters pass wavelengths ranging from 400
through 975 nm, sensitive to coloration by tholin-type materials as
well as a weak CH4 ice absorption band at 890 nm. Both Ralph
components are usually operated in a scanning mode, rotating the
spacecraft about its Z axis to sweep Ralph's field of view across the
scene such that each point in the scene is eventually imaged at each
wavelength. The width of the scanned region is 0.9 degrees divided
into 256 spatial pixels for LEISA and 5.7 degrees spanned by 5000
pixels for MVIC. Over the course of the summer 2015 flyby,
numerous Ralph observations targeted the various bodies in the
Pluto system. As of late 2015, transmission of the data to Earth
continues, but already a number of spectacular data sets are
available for analysis, including LEISA scans of Pluto at 6 to 7
km/pixel and of Charon at 3 km/pixel, as well as MVIC scans of
Pluto at 700 m/pixel and of Charon at 5 km/pixel. This work was
supported by the NASA New Horizons Project.



Author(s): William M. Grundy2, R P Binzel3, J C Cook7, DP
Cruikshank4, C M Dalle Ore4, AM Earle3, K Ennico4, D E
Jennings5, C J.A. Howett7, I R Linscott6, A W Lunsford5, C B
Olkin7, A H Parker7, J Wm Parker7, S Protopapa8, D C Reuter5, K
N Singer7, J R Spencer7, S A Stern7, C C.C. Tsang7, A J Verbiscer9,
H A Weaverl, L A Young7

Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. Lowell Obs., 3. MIT, 4. NASA Ames Research
Center, 5. NASA Goddard Space Flight Center, 6. Stanford
University, 7. SWRI, 8. University of Maryland, 9. University of
Virginia

100.05 — New Horizons Observations of the
Atmospheres of Pluto and Charon

Major goals of the New Horizons (NH) mission are to explore and
characterize the structure and composition of Pluto’s atmosphere,
and to establish whether Charon has a measurable atmosphere of
its own. The primary instruments onboard NH which contribute to
these goals are the REX instrument, through uplink X-band radio
occultations, the Alice instrument, through extreme- and
far-ultraviolet solar occultations, and the LORRI panchromatic
imager, through high-phase-angle imaging. The associated
datasets were obtained following closest approach of NH to Pluto.
Pressure and temperature profiles of the lower atmosphere are
derived from the REX data, the composition and structure of the
extended atmosphere are derived from the Alice data (supported by
approach observations of reflected ultraviolet sunlight), and the
distribution and properties of Pluto’s hazes are derived from the
LORRI data. In this talk an overview of the early atmosphere
science results will be presented.

This work was supported by NASA's New Horizons project.

Author(s): G. R. Gladstone®, S. A. Stern6, H. A. Weaver3, L. A.
Young®, K. A. Ennico3, C. B. Olkin®, A. F. Cheng8, T. K.
Greathouse6, D. P. Hinson5, J. A. Kammer®, I. R. Linscott5, A. H.
Parker0, J. Wm. Parker6, K. D. Retherford6, E. Schindhelm®6, K. N.
Singer6, A. J. Steffl6, D. F. Strobel7, M. E. Summersl, C. C. C.
Tsangb, G. L. Tyler5, M. H. Versteegb, W. W. Woods5, N.
Cunningham4, W. Curdt2

Institution(s): 1. George Mason University, 2. Max Planck
Institute for Solar System Research, 3. NASA Ames Research
Center, 4. Nebraska Wesleyan University, 5. SETI Institute, 6.
Southwest Research Inst., 7. The Johns Hopkins University, 8. The
Johns Hopkins University Applied Physics Laboratory

100.06 — Solar wind interaction with Pluto’s escaping
atmosphere

NASA’s New Horizons spacecraft carries two instruments, SWAP
and PEPSSI, that measure low and high energy particles
respectively. These particle instruments have been measuring the
conditions in the solar wind for most of the trajectory from Earth to
Pluto. The Venetia Burney Student Dust Counter measured
impacts from micron-sixed dust particles. These particle
instruments also made observations during the flyby of Pluto on
July 14, 2015. We report on New Horizons measurements of the
interaction of the solar wind interaction with Pluto’s extended
atmosphere and discuss comparisons with theoretical expectations.

Author(s): Fran Bagenal6, S A Stern3, H A Weaverl, L A
Young3, K Ennico2, C Olkin3, D J McComas4, R L McNuttl, M
Horanyi6, H A Elliott4, M E Hill, E Zernstein4, P Kollman1, S M
Krimigis1, C M Lissel, D F Strobel5, J SzalAy6, M Piquette®
Institution(s): 1. JHU-APL, 2. NASA Ames Research Center, 3.
Southwest Research Institute, 4. Southwest Research Institute, 5.
The Johns Hopkins University, 6. Univ. of Colorado

101 — Pluto System I--New Horizons
Headliner

101.01 — Color Variations on Pluto, Charon & Among
Pluto’s Small Satellites

This summer’s flyby of NASA’s New Horizons spacecraft past Pluto

provided the first high spatial resolution imaging of the system.
Using the Ralph instrument (Reuter et al. 2008, Space Sci. Rev.
140, 129), color images were obtained in 3 broadband filters and
one narrow band filter: blue (400 — 550 nm), red (540-700 nm),
NIR (780 — 975 nm) and methane (860 — 910 nm). These data
revealed details about Pluto’s variegated surface including distinct
color boundaries in two halves of the region informally named,
Tombaugh Regio, and intriguing color variations in Pluto’s north
pole. This talk will discuss the color variations on Pluto, Charon,
Nix and Hydra. Color observations of Kerberos and Styx were
taken, but will not be downlinked in time for inclusion in this talk.
This work was supported by NASA’s New Horizons project.

Author(s): Catherine B. Olkin7, D. C. Reuter5, S. A. Stern7, C.
J. A. Howett7, A. H. Parker7, K. Ennico4, K. N. Singer7, W. M.
Grundy?2, H. A. Weaverl, L. A. Young?7, R. P. Binzel3, M. W. Buie7,
J. C. Cook7, D. P. Cruikshank4, C. M. Dalle Ore4, A. M. Earle3, D.
E. Jennings5, I. R. Linscott6, A, W. Lunsford5, J. Wm. Parker7, S.
Protopapa8, J. R. Spencer?, C.C.C. Tsang7, A. J. Verbiscer9
Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. Lowell Observatory, 3. MIT, 4. NASA Ames
Research Center, 5. NASA Goddard Space Flight Center, 6.
Stanford University, 7. SWRI, 8. University of Maryland, 9.
University of Virginia

101.02 — Pluto: Distribution of ices and coloring
agents from New Horizons LEISA observations

Pluto was observed at high spatial resolution (maximum ~3
km/px) by the New Horizons LEISA imaging spectrometer. LEISA
is a component of the Ralph instrument (Reuter, D.C., Stern, S.A.,
Scherrer, J., et al. 2008, Space Sci. Rev. 140, 129) and affords a
spectral resolving power of 240 in the wavelength range 1.25-2.5
um, and 560 in the range 2.1-2.25 um. Spatially resolved spectra
with LEISA are used to map the distributions of the known ices on
Pluto (No, CHy, CO) and to search for other surface components.
The spatial distribution of volatile ices is compared with the
distribution of the coloring agent(s) on Pluto's surface. The
correlation of ice abundance and the degree of color (ranging from
yellow to orange to dark red) is consistent with the presence of
tholins, which are refractory organic solids of complex structure
and high molecular weight, with colors consistent with those
observed on Pluto. Tholins are readily synthesized in the laboratory
by energetic processing of mixtures of the ices (N5, CH4, CO)
known on Pluto's surface. We present results returned from the
spacecraft to date obtained from the analysis of the high spatial
resolution dataset obtained near the time of closest approach to the
planet. Supported by NASA’s New Horizons project.

Author(s): Dale P. Cruikshank4, William M. Grundy?2, S. Alan
Stern8, Catherine B. Olkin8, Jason C. Cook8, Cristina M. Dalle
Oreb, Richard P. Binzel3, Alissa M. Earle3, Kimberly Ennico4,
Donald E. Jennings5, Carly J.A. Howett8, Ivan R. Linscott7, Allen
W. Lunsford5, Alex H. Parker8, Joel W. Parker8, Silvia
Protopapa9, Dennis C. Reuter5, Kelsi N. Singer8, John R.
Spencer8, Constantine C. C. Tsang8, Anne J. Verbiscerl10, Harold
A. Weaverl, Leslie A. Young8

Institution(s): 1. Applied Phys. Lab., 2. Lowell Observatory, 3.
MIT, 4. NASA Ames Research Center, 5. NASA Goddard Space
Flight Center, 6. SETI Institute, 7. Stanford Univ., 8. SWRI, 9.
Univ. Maryland, 10. Univ. Virginia

101.03 — First Results from The New Horizons Radio
Science Experiment: Measurements of Pluto's
Atmospheric Structure, Surface Pressure, and
Microwave Brightness Temperature

The Radio Science Experiment (REX), on board the New Horizons
spacecraft, measured key characteristics of Pluto and Charon
during the July 14, 2015, flyby. The REX flight instrument is
integrated into the NH X-band radio transceiver and provides high
precision, narrow band recording of powerful uplink transmissions
from Earth stations, as well as a record of broadband radiometric
power. This presentation reviews the performance and initial
results of the radio occultation of Pluto, the radiometric
temperature profiles, and gravity measurements during the



encounter. REX received two pair of 20-kW uplink signals, one
pair per polarization, transmitted from the DSN at 4.2- cm
wavelength during a diametric radio occultation of Pluto. The REX
recording of the uplinks affords a precise measurement of the
surface pressure, the temperature structure of the lower
atmosphere, and the surface radius of Pluto. The ingress portion of
one polarization was played back from the spacecraft in July, while
the egress portion of the same polarization was played back in
August. Both ingress and egress segments of the occultation have
been processed to obtain the pressure and temperature structure of
Pluto’s atmosphere. In addition, REX measured the thermal
emission from Pluto at 4.2- cm wavelength during two linear scans
across the disk at close range when both the dayside and the night
side were visible. Both scans extend from limb to limb with a
resolution of one-tenth Pluto’s disk and temperature resolution of
0.1 K. A third radiometric scan was obtained during the dark side
transit of the occultation. This work was supported by NASA’s New
Horizons project.

Author(s): Ivan Linscott3, Alan Stern4, Hal Weaverl, Leslie
Young4, Cathy Olkin4, Kim Ennico2

Institution(s): 1. JHUAPL, 2. NASA AMES, 3. Stanford
University, 4. SWRI

101.04 — Volatile Transport Implications from the New
Horizons Flyby of Pluto

The New Horizons flyby of Pluto has revealed a striking range of
terrains, from the very bright region informally named Sputnik
Planum, to very dark regions such as the informally named
Cthulhu Regio. Such a variety was beyond the scope of recent
models of Pluto's seasonal volatile cycle (Young 2013, ApJL 766,
L22; Hansen, Paige and Young 2015, Icarus 246, 183), which
assumed globally uniform substrate albedos. The "Exchange with
Pressure Plateau (EPP)" class of models in Young (2013) and the
favored runs from Hansen et al (2015) had long periods of
exchange of volatiles between northern and southern hemispheres.
In these models, the equators were largely devoid of volatiles; even
though the equatorial latitudes received less insolation than the
poles over a Pluto year, they were never the coldest place on the icy
world. New models that include a variety of substrate albedos can
investigate questions such as whether Sputnik Planum has an
albedo that is high enough to act as a local cold trap for much of
Pluto's year. We will present the implications of this and other
assumption-busting revelations from the New Horizons flyby. This
work was supported by NASA’s New Horizons project.

Author(s): Leslie Young6, William M Grundy3, RIchard P
Binzel4, Alissa M Earle4, Ivan R Linscott7, David P Hinson?7,
Amanda M Zangari6, William B McKinnon8, S. Alan Stern®,
Harold A Weaver2, Catherine B Olkin®, Kimberly Ennico5, G
Randall Gladstone®6, Michael E Summersl, Jeffrey M Moore5,
John R Spencer6

Institution(s): 1. George Mason University, 2. Johns Hopkins
University Applied Physics Laboratory, 3. Lowell Observatory, 4.
MIT, 5. NASA Ames Research Center, 6. Southwest Research Inst.,
7. Stanford University, 8. Washington Univ in St. Louis

101.05 — Small Satellites and Dust in the Pluto System:
Upper Limits and Implications

To help ensure safe passage of the New Horizons (NH) spacecraft
as it flew through the Pluto system, we took a series of deep images
with the Long Range Reconnaissance Imager (LORRI) to search
for previously undetected satellites or rings. We obtained a total of
1100 10-second exposures, spread over 20 epochs between May 11
and July 1 2015. HST observations had previously set an upper
limit to the brightness of undetected moons of about half Styx's
brightness (i.e., a diameter of ~5 km for an a Charon-like albedo of
0.38). The final NH observations in early July could have detected
objects down to ~1.5 km in diameter in the Charon - Hydra region,
and ~2 km between Charon's orbit and ~5000 km above Pluto's
surface. Despite the sensitivity of the searches, no additional
moons were found. The lower limit on the brightness ratio between
Styx and any undiscovered fainter satellites, ~20, is comparable to
the brightness ratio between Nix and Kerberos (~16), and a

power-law satellite size distribution, analogous to that seen in the
Saturn system, cannot be ruled out. Implications of the satellite
size distribution for the origin of the satellite system will be
discussed. The data also place an upper limit of ~1 x 10-7 on the I/F
of any dust rings in the vicinity of the known small satellites, a
factor of several improvement over previous HST limits. This work
was supported by NASA’s New Horizons project.

Author(s): John R. Spencer7, Mark R. Showalter6, S. Alan
Stern7, Marina Brozovic2, Marc W. Buie7, Douglas P. Hamilton8,
Robert A. Jacobson?2, David E. Kaufmann?, Tod R. Lauer4, Alex H.
Parker7, Simon B. Porter7, Henry B. Throop5, Anne J. Verbiscer9,
Harold A. Weaverl, Leslie A. Young7, Kimberly Ennico3, Catherine
B. Olkin7

Institution(s): 1. Applied Physics Laboratory, 2. Jet Propulsion
Laboratory, 3. NASA Ames Research Center, 4. National Optical
Astronomy Observatory, 5. Planetary Science Institute, 6. SETI
Institute, 7. Southwest Research Institute, 8. University of
Maryland, 9. University of Virginia

101.06 — What We Know Now: Synthesis for
Understanding the Origin of the Pluto System

The July 2015 New Horizons flyby has removed a long-standing
obstacle to understanding the cosmogony of the Pluto-Charon
system: the uncertain radius of Pluto. Combined with precise
astrometric fits to the barycenter of the Pluto-Charon binary from
HST observations of the more distant, small satellites (Brozovic et
al., Icarus 246, 317—-329, 2015), the densities of both Pluto and
Charon are now known. At the 10% level, these densities are rather
similar, as opposed to the more divergent density estimates of years
past in which Charon was thought to be substantially icier. In the
context of a “giant impact” origin, a rock-rich Charon implies that
the precursor impacting bodies were at most only partially
differentiated — possessing relatively thin ice shells (Canup,
Astron. J. 141, 35, 2011). This suggests some combination of
relatively slow and/or late accretion in the ancestral Kuiper belt.
New Horizons has also shown that Nix and Hydra possess high
albedos, consistent with ice-dominated compositions. Such
compositions are consistent with a giant impact origin in which one
or both precursor impacting bodies were partially differentiated, so
that the small satellites ultimately formed from material ejected
from ice-dominated surface layers (Peale and Canup, Treatise on
Geophysics, 20d Ed., chapter 10.17, 2015). We examine whether
Pluto and Charon could actually possess the same bulk rock/ice
ratio and whether this would allow for an alternate, non-giant-
impact origin for the Pluto system.

This work was supported by NASA's New Horizons project.

Author(s): William B. McKinnon®, S. A. Stern4, H. A.
Weaverl, J. R. Spencer4, F. Nimmo5, C. M. Lissel, O. M.
Umurhan3, J. M. Moore2, M. W. Buie4, S. B. Porter4, C. B. Olkin4,
L. A. Young4, K. Ennico2

Institution(s): 1. APL, 2. NASA Ames, 3. SETI, 4. SwRI, 5. UCSC,
6. Washington Univ.

102 — Pluto System II--Pluto Surface and
Satellites

102.01D — Vigorous Convection Underlies Pluto’s
Surface Activity

Against many expectations, New Horizons’ images of the surface of
Pluto and Charon show seemingly young surfaces. On Pluto,
images of an equatorial region south of the Tombaugh Regio reveal
a mountain range with peaks jutting as high as 3,500 meters. The
low concentration of craters for these mountains suggests an age of
100 million years, indicating that Pluto is geologically active. Other
evidence for geologic activity includes a fault cross-cutting ridges,
smooth lightly cratered plains with flow fronts, and a pair of
apparent stratovolcanoes. Charon similarly possesses very few
craters and a spectacular system of troughs. Both observations
suggest the possible presence of active cryogeysers and
cryovolcanoes. The underlying cause of modern tectonic and
volcanic activity on any object is likely a vigorous mantle



convection regime. We are thus led to consider what determines
planetary vigor. While Pluto and Charon seem to be quite active,
Ceres and the much larger Callisto seem to lack modern endogenic
activity, even though all of these bodies are likely to possess water
ice mantles.

We coupled a parameterized convection model with a temperature
dependent rheology for pure water ice, deducing a barely critical
Rayleigh number of ~1600 for Pluto’s mantle and <1000 for
Charon, suggesting that a water ice mantle alone may be
insufficient to support vigorous convection in these bodies.
However, in the outer solar system, other volatiles may have
condensed. Ammonium hydrate has been reported on the surface
of Charon. At temperatures above the eutectic (176 K), Durham et
al. (1993) showed that NHq lowers the viscosity of water ice by 4
orders of magnitude. Our model indicates that, with NHq, the
mean temperature of the mantle of Pluto is at the eutectic and its
Ra ~ 10"4. The presence of NHg dramatically increases the vigor of
convection for the two bodies and suggests that ammonia-water
slurries are the basis for Pluto’s volcanism. We propose that the
presence or absence of active mantle convection may offer a
universal criterion for endogenic planetary vigor.

Author(s): Alexander J. Trowbridgel, Henry Jay Melosh1,
Andy M. Freed!
Institution(s): 1. Purdue University

102.02 — Craters on Pluto and Charon: Characteristics
and Impactor Population

Although both Pluto and Charon have a surprising number of
young-looking surfaces, there are still plenty of craters for impact-
phenomenon enthusiasts. We will present size, morphology,
ejecta, and albedo pattern statistics, in addition to correlations with
color/composition where possible. We use images and topography
from the Long Range Reconnaissance Imager (LORRI; Cheng et
al., 2008, SSR 140, 189-215) and data from the Ralph (Reuter et
al., 2008, SSR 140, 129-154) color/composition instruments.
Impactor sizes will be estimated from relevant scaling laws for cold
water ice (see details in Singer and Stern, 2015, ApJL 808, L50).
For Pluto, an image strip at 125 m px-1 includes some cratered
terrains, and much of the encounter hemisphere (the anti-Charon
hemisphere) will be covered at ~400 m px-1. The ~smallest craters
observable at these pixel scales (using a 5 pixel limit) would be
~0.63 km, and ~2 km in diameter, respectively, with impactor
diameters estimated at ~50 m, and ~200 m. However, it is likely
that degradation processes may obscure small craters, thus this
lower observation limit will depend on terrain type. Additionally,
lighting and observation geometries vary across the disk, which
may make crater detection difficult in some areas. All of the
illuminated portions of Pluto (during its 6.4 day rotation period)
were imaged at ~20 km px-1 or better during the encounter. The
highest resolution images of Pluto (at ~80 m px-1) occur in a
narrow strip and are not scheduled for downlink before the DPS.
The highest resolution Charon coverage (a strip at ~160 m px-1), a
broader swath at 400 m px-1, and the entire encounter hemisphere
(the sub-Pluto hemisphere) at ~890 m px-1 may yield craters as
small as 0.8, 2, and 4.5 km in diameter, respectively. The inferred
impactor sizes for these craters would be ~50 m, 160 m, and 440 m.
Although the dataset is limited, we will discuss what constraints
can be put on the impactor population. This work was supported by
the NASA New Horizons project.
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102.03 — Processes Modifying Cratered Terrains on

Pluto

The July encounter with Pluto by the New Horizons spacecraft
permitted imaging of its cratered terrains with scales as high as
~100 m/pixel, and in stereo. In the initial download of images,
acquired at 2.2 km/pixel, widely distributed impact craters up to
260 km diameter are seen in the near-encounter hemisphere.
Many of the craters appear to be significantly degraded or infilled.
Some craters appear partially destroyed, perhaps by erosion such as
associated with the retreat of scarps. Bright ice-rich deposits
highlight some crater rims and/or floors. While the cratered
terrains identified in the initial downloaded images are generally
seen on high-to-intermediate albedo surfaces, the dark equatorial
terrain informally known as Cthulhu Regio is also densely cratered.
We will explore the range of possible processes that might have
operated (or still be operating) to modify the landscape from that of
an ancient pristinely cratered state to the present terrains revealed
in New Horizons images. The sequence, intensity, and type of
processes that have modified ancient landscapes are, among other
things, the record of climate and volatile evolution throughout
much of the Pluto’s existence. The deciphering of this record will be
discussed. This work was supported by NASA's New Horizons
project.
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102.04 — In Charon's Shadow: Analysis of the UV Solar
Occultation from New Horizons

Observations of Charon, Pluto's largest moon, have so far yielded
no evidence for a substantial atmosphere. However, during the
flyby of New Horizons through the Pluto-Charon system, the Alice
ultraviolet spectrograph successfully acquired the most sensitive
measurements to date during an occultation of the sun as New
Horizons passed through Charon's shadow. These observations
include wavelength coverage in the extreme- and far-ultraviolet
(EUV and FUV) from 52 nm to 187 nm. We will present these
results from Alice, and discuss their implications for an atmosphere
on Charon.

This work was supported by NASA's New Horizons project.

Author(s): Joshua A. Kammer>5, S. A. Stern5, H. A. Weaver2,
L. A. Young5, K. A. Ennico4, C. B. Olkin5, G. R. Gladstone6, M. E.
Summersl, T. K. Greathouse6, K. D. Retherford6, M. H. Versteeg©,
J. W. Parker5, A. J. Steffl5, E. Schindhelmb5, D. F. Strobel3, I. R.
Linscott7, D. P. Hinson7, G. L. Tyler7, W. W. Woods7
Institution(s): 1. George Mason University, 2. JHU Applied
Physics Laboratory, 3. Johns Hopkins University, 4. NASA Ames
Research Center, 5. Southwest Research Institute, 6. Southwest
Research Institute, 7. Stanford University

102.05 — Charon’s Color: A view from New Horizon
Ralph/Multispectral Visible Imaging Camer

The Multispectral Visible Imaging Camera (MVIC; Reuter et al.,
2008) is part of Ralph, an instrument on NASA’s New Horizons
spacecraft. MVIC is the color ‘eyes’ of New Horizons, observing
objects using four bands from blue to infrared wavelengths.
MVIC’s images of Charon show it to be an intriguing place, a far cry
from the grey heavily cratered world once postulated. Rather
Charon is observed to have large surface areas free of craters, and a
northern polar region that is much redder than its surroundings.
This talk will describe these initial results in more detail, for
example is Charon’s redder pole caused by molecules that have
escaped Pluto’s atmosphere only to be captured and frozen onto
the surface of Charon’s cold polar region, where they have
undergone photolysis? Charon’s global geological color variations
will also be discussed, to put these results into their wider context.
This work was supported by NASA’s New Horizons project.
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102.06 — The Chasmata and Montes of Charon

The New Horizons spacecraft made the first-ever high-resolution
observations of Pluto's largest moon, Charon, on 14 July 2015.
Those observations returned views of complicated topography on
this icy world in the outer solar system. Charon posseses a series of
chasmata and fossae that appear to form an organized tectonic belt
that spans across the disk of the Pluto-facing hemisphere and may
extend beyond. In addition, there are enigmatic, isolated
mountains visible that are surrounded by depressions. These, in
turn, are surrounded by a relatively smooth plain, broken by
occaisional rilles, that stretches from these montes northward up to
the chasmata region. We will discuss these features and more. This
work was supported by NASA's New Horizons project.
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102.07 — Investigating Surface Features on Nix and
Hydra

The LORRI (Cheng et al. 2008,Space Sci. Rev. 140, 189) and MVIC
(Reuter et al. 2008,Space Sci. Rev. 140, 129) imagers on the New
Horizons (NH) spacecraft obtained spatially resolved
measurements of Nix and Hydra, two of Pluto's four small moons.
Nix was observed by LORRI in panchromatic light (350-850 nm) at
resolutions up to 0.30 km/pix, and by MVIC in color (400-550
nm, 540-700 nm, 780—975 nm, 860-910 nm; the latter is centered
on a weak CH4 band) at resolutions up to 2.0 km/pix. Hydra was
observed by LORRI in panchromatic light at 1.1 km/pix, and by
MVIC in color at 4.6 km/pix. The lossless versions of the images,
which we will employ in our analysis, are scheduled for downlink in
September and October 2015. After image deconvolutions, which
typically double the spatial resolution, the NH images provide
hundreds to thousands of pixels across the surfaces of Nix and
Hydra. We will present results on our searches for craters,
lineaments, and other features on the surfaces of Nix and Hydra.
We will also present results on any correlations between
morphological features and color and albedo variations on the
surface. This work was supported by NASA's New Horizons project.
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102.08 — The Orbits and Masses of Pluto's Satellites
after New Horizons

Brozovic et al. (2015 Icarus 246, 317) reported on Pluto's mass and
the masses and numerically integrated orbits of Pluto's satellites,
Charon, Nix, Hydra, Kerberos, and Styx. These were determined
via a fit to an extensive set of astrometric, mutual event, and stellar
occultation observations over the time interval April 1965 to July
2012. The data set contained the Hubble Space Telescope (HST)

observations of Charon relative to Pluto that were corrected for the
Pluto center-of-figure center-of-light offset due to the Pluto albedo
variations (Buie et al. 2012 AJ 144, 15). Also included were all of
the available HST observations of Nix, Hydra, Kerberos, and Styx.
For the New Horizons encounter with the Pluto system, the initial
satellite ephemerides (PLU043) and the initial planet and satellite
masses were taken from the Brozovi¢ et al. analysis. During the
New Horizons approach, the ephemerides and masses were
periodically updated along with the spacecraft trajectory by the New
Horizons navigation team using imaging of the planet and satellites
against the stellar background. In this work, we report on our
post-flyby analysis of the masses and satellite orbits derived from a
combination of the original PLU043 data set, the New Horizions
imaging data, and HST observations acquired after 2012.
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102.09 — Orbital and Rotational Dynamics of Pluto's
Small Moons

Four small moons, Styx, Nix, Kerberos and Hydra, orbit the central
binary planet comprising Pluto and Charon. Showalter and
Hamilton (Nature 522, 45-49, 2015) analyzed Hubble Space
Telescope (HST) data from 2010-2012 to explore some of the
dynamical consequences of orbiting a binary planet. They noted
evidence for a chaotic rotation of Nix and Hydra, and identified a
possible three-body resonance between Styx, Nix and Hydra. We
revisit the dynamics of the outer moons based on the latest data
from the New Horizons flyby. As the spacecraft approached Pluto,
the LORRI camera regularly imaged the moons over a period of
~100 days. This data set will make it possible to derive light curves
and rotation rates unambiguously, something that has not been
possible from the sparsely sampled HST data. It also extends the
time baseline of the orbit determinations by several years,
providing a more precise test of the proposed orbital resonances.
We will discuss the latest measurements and their dynamical
implications for the evolution of the Pluto system. This work was
supported by NASA's New Horizons project.
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102.10 — Shapes and Poles of the Small Satellites of
Pluto

Pluto-Charon is a binary dwarf planet surrounded by four much
smaller satellites: Styx, Nix, Kerberos, and Hydra (in order of
increasing distance from the barycenter). These satellites were
discovered with the Hubble Space Telescope, which also showed
that their orbits are nearly circular around the system barycenter
and coplanar to the central binary. NASA's New Horizons
spacecraft flew through the Pluto system on July 14, 2015, and
obtained the first resolved images of all four small satellites. We
will present initial models for the shapes and densities of the small
satellites determined from both those resolved images and earlier
unresolved images, as well as measurements of the rotational poles
of small satellites at the time of the Pluto encounter. This work was
supported by the NASA New Horizons Project.
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102.11D — Stability of coorbital objects around the
Pluto-Charon binary

The Pluto-Charon binary system is dynamical interesting with its
unusual retinue of four small moons. The system is relatively full
with few remaining stable locations for additional moons on
uninclined, circular orbits; most of these are Trojan
(Tadpole/Horseshoe) orbits (Pires et al. 2011; Porter and Stern
2015).

In this work, we study the coorbital region of each moon with long
time integrations taking into account the gravitational effects of the
satellites Charon, Styx, Nix, Kerberos and Hydra. We numerically
simulate a sample of 10,000 test particles initially located randomly
around each moon's orbit. All test particles start on nearly circular
and uninclined orbits and are followed for 5,000 years. The results
of our numerical simulations show stable coorbital objects — both
Tadpoles and Horseshoes — for each of the small moons.
Horseshoe orbits are most common at all moons, although Hydra
also has a sizeable population of Tadpole orbits. We also find
interesting cases where the orbits switch from L4 Tadpoles to
Horseshoes and even to Lg Tadpoles. These transitioning orbits
comprise less than 1% of coorbital objects at all moons, and are
most common at Styx. We have also tested two different models for
the system: i) Pluto and Charon as independent bodies. ii) A single
central body with the combined mass of Pluto-Charon and an
effective Jo coefficient. Preliminary results show only minor
differences between the two models indicating that the binary does
not have a strong effect on coorbital motion. We have also
investigated eccentric and inclined orbits and will report on our
findings.

Author(s): Andre Amarante Luizl, Douglas P Hamilton1
Institution(s): 1. University of Maryland

103 — Ceres Jubilee and Vested Interests

103.01 — Interior Evolution of Ceres Revealed by Dawn

Dawn’s exploration of Ceres has revealed its geophysical
characteristics, informing the processes that have shaped it. Dawn
has determined the average diameter of Ceres to be 940 km,
smaller than the previously estimated 975 km [1]. This implies a
density of 2160 kg/m3, indicating that Ceres is less differentiated
than predicted [2]. The low-degree gravity field is consistent with
the body being in hydrostatic equilibrium and the magnitude of Jo
implies some central condensation. Ceres’ entire surface is
cratered, implying the lack of a thick (10’s of km) water ice layer at
the surface. Variability in Ceres’ crater morphology indicates that
the near-surface layer has variable strength and rheology, likely
due to heterogeneity in the near-surface mixture of rock, ice and
salt. The lack of a number of expected large impact basins on Ceres
can be interpreted to be the result of viscous relaxation, resurfacing
or a combination of both. These data provide insights into Ceres’
thermal evolution and mechanical properties, which appear to be
unique to this warm, icy body.

[1] Thomas, P. C., et al., Differentiation of the asteroid Ceres as
revealed by its shape, Nature, 437, 224—226, 2005; [2] McCord et
al., Ceres: Its Origin, Evolution and Structure and Dawn’s Potential
Contribution, Space Sci RevDOI 10.1007/511214-010-9729-9, 2011.
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103.02 — Dawn at Ceres reveals an ammoniated
surface

The Visible and Infrared Mapping Spectrometer (VIR) on board the
Dawn spacecraft has observed Ceres’ surface and acquired spectra
(0.5 to 5 um) since January 2015. Here we report the average Ceres
spectrum, including the important spectral range (2.6-2.9 um)
previously precluded from (telescopic) measurements due to
telluric atmospheric absorptions. The VIR data confirm that the
surface is very dark with an average albedo of 0.090 +0.006 at 0.55
um, consistent with Hubble Space Telescope data (Li et al., Icarus,
2006) and contains no prominent absorption features in the visible
and near-Infrared at wavelengths less than 2.5 um. Ceres’ average
spectrum, however, is characterized by a prominent diagnostic
absorption band at 2.7 um along with weaker absorption bands
observed between 3.05-3.1, 3.3-3.4 and 3.9-4 um. We modeled the
new VIR spectra of Ceres with various ices, meteorites, silicates,
carbonates, and hydrates using Hapke theory. Results of the
spectral modeling indicate that extensive water ice is not present in
spectra representing the typical surface acquired to date at
relatively low spatial resolution (<11 km/pixel). The best fit is
obtained with a mixture of ammoniated phyllosilicates mixed with
other clays, Mg-carbonates, serpentine, and a strongly absorbing
material, such as magnetite (De Sanctis et al., Nature, 2015, in
review). The presence of ammonia-bearing materials in the crust
across much of the surface has implications for the origin of Ceres
and its internal structure and evolution. At the time of this
presentation the Dawn spacecraft will have also completed its high
altitude mapping orbit to look for anticipated small-scale
mineralogy variations across this remarkable dwarf planet.
Acknowledgements: VIR is funded by the Italian Space
Agency—ASI and was developed under the leadership of INAF,
Rome-Italy. The instrument was built by Selex-Galileo, Florence-
Italy. The analyses are supported by ASI, NASA, and the German
Space Agency. Enabling contributions from the Dawn Instrument,
Operations, and Science Teams are gratefully acknowledged.
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103.03 — The Origin of Dwarf Planet Ceres
Constrained by Dawn

The Dawn spacecraft has acquired important clues regarding the
origin of dwarf planet Ceres. The surface composition is
characterized by a prominent absorption band at 2.7 micron that is
best explained by the presence of ammoniated phyllosilicates (De
Sanctis et al. 2015), while the average density indicates a bulk water
content of 30-40%. The occurrence of widespread smooth terrains,
marked by a flat topography and few superposed craters, associated
with a large 290-km crater is best explained by the present of low
viscosity material mobilized by the impact energy (Marchi 2015).
Such low viscosity material is compatible with an ice-rich outer
shell whose melting temperature is reduced by the presence of salts
and/or ammonia hydrates. Such inferred internal structure could
also explain the lack of impact structures larger than about 400 km,



which may have relaxed leaving no obvious signatures in imaging
data.

The presence of ammoniated phyllosilicates points toward the
presence of ammonia available in Ceres' makeup. Ammonia is
relatively rare among meteorites due to its high volatility at typical
main belt temperatures, thus indicating a potential contribution of
material from the colder outer solar system.

Two main scenarios emerge. Either Ceres formed in the trans-
neptunian disk and subsequently was captured in the main belt, or
it formed close to its current position with a late addition of
material drifting from the outer solar system. The two scenarios
imply rather different collisional evolution, therefore Ceres'
cratering record can potentially help to discriminate the more likely
evolution. As craters are susceptible to degradation due to internal
heat flow, terrain properties and superposed cratering, here we will
evaluate the evidence for and against these formation scenarios by
taking into account the latest digital terrain models and gravity data
acquired by Dawn.

De Sanctis et al, submitted, July 2015.

Marchi S., IAU General Assembly, August 2015.
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103.04 — Photometric Properties of Ceres and the
Occator Bright Spots

Dawn discovered several extremely bright spots on Ceres, the most
prominent of which is located inside the Occator crater that is at
least 4-5 times brighter than the average Ceres. Interestingly, these
bright spots are located in relatively young craters that are at the
longitudes corresponding to the maximum water vapor observed by
the Herschel Space Observatory, suggesting possible correlation
with water sublimation on Ceres. We used the multi-color imaging
data collected by the Dawn Framing Camera to analyze the global
photometric properties of Ceres and the bright spots, especially
those located inside the Occator crater. Our objectives are to
determine the albedo and other light scattering properties of the
bright spots on Ceres in the visible wavelengths, in order to
characterize their physical properties and find clues about their
composition and possible formation mechanisms and the
correlation with water sublimation. The overall geometric albedo of
Ceres’ global surface is 0.09-0.10, consistent with previous studies.
The Hapke roughness parameter is about 20°, close to many other
asteroids, rather than 44° as reported earlier. Correspondingly, the
phase function of Ceres is less backscattering than previously
modeled. In contrast, the geometric albedo of the bright spots
inside the Occator crater is 0.4-0.5, and the single scattering albedo
is 0.7-0.8, brighter than Vesta’s global albedo but much darker
than many icy satellites in the outer solar system. The Hapke
roughness of the bright spots is much higher than Ceres average,
suggesting relatively loose deposit of materials rather than more
coherent or tightly packed materials. The phase function of bright
spots material is relatively more forward scattering than average
Ceres, possibly correlated to stronger multiple scattering due to
high albedo resulting from more transparent materials. The highest
resolution images as of late-August 2015 show fine structures
within the Occator bright spots. We will also report the results from
the albedo distribution within the bright spots.
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103.05 — Spectrophotometry of the Ceres surface

The Dawn spacecraft is in orbit around dwarf planet Ceres. The
onboard Framing Camera (FC) is mapping the surface through a
clear filter and 7 narrow-band filters at various observational
geometries and image resolutions. Generally, Ceres' appearance in
these images is affected by shadows and shading, effects which
obscure the intrinsic reflective properties of the surface. By means
of photometric modeling we remove these effects and reconstruct
the surface reflectance for each of the FC filters, creating albedo
and color maps in the process. Considering these maps in unison
provides clues to the physical nature and composition of the
surface and the dominant geologic processes that shape the
surface. We assess the nature of color variations in the visible
wavelength range for Ceres globally. We identify which terrains
express the dominant colors and investigate why some areas are
exceptions to the rule. By correlating the color over the surface with
geologic units we find an relatively strong enhancement of the
reflectance towards the blue end of the visible spectrum for recent
impacts and their ejecta.
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103.06 — First Spectral Coverage of two regions on
Ceres in the far-UV

We present the first spectral observations of Ceres in the
far-ultraviolet, along with new measurements in the near-UV and
visible, as measured by HST/STIS as part of Cycle 22, in August-
September, 2015. The observations are motivated by early
broad-band UV observations [1][2][3] suggesting a UV absorption
centered near 260 nm along with a very strong increase in UV
reflectance into the far-UV (~160 nm). We have observed two
central longitudes of Ceres — near 0°W and 120°W (this latter area
one of the regions in which Herschel detected water vapor) — using
the G140L (~120-172 nm), G230L (~170-310 nm) and G430L
(~300-570 nm) detectors. We use the data to test a prediction of
graphitized carbon on the surface, and we look for signatures of
water ice and/or water vapor.

[1] Parker, J. W., S. A. Stern, P. C. Thomas, M. C. Festou, W. J.
Merline, E. F. Young, R. P Binzel, L. A. Lebofsky (2002). Astron J.
123, 549

[2] Lietal. (2006). Icarus 182: 143-160.

[3] Rivkin, A. S., J.-Y. Li, R. E. Milliken, L. F. Lim, A. J. Lovell, B.
E. Schmidt, L. A. McFadden, B. A. Cohen (2011). Space Sci Rev 163,
95.
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103.07 — Ceres’ impact craters: probes of near-surface
internal structure and composition

Dawn Framing Camera images of Ceres have revealed the existence
of a heavily cratered surface. Shape models derived from these
images indicate that most (though not all) large craters are quite
deep: up to 6 km for craters larger than 100 km in diameter. The
retention of deep craters is not consistent with a simple
differentiated internal structure consisting of an outer layer
composed solely of pure water ice (covered with a rocky lag)
overlying a rocky core. Here we use finite element simulations to
show that, for Ceres’ relatively warm surface temperatures, the
timescale required to completely flatten a crater 60-km in diameter
(or greater) is less than 100 Myr, assuming a relatively pure outer
ice layer (for ice grain sizes < 1 cm). Preserving substantial
topography requires that the viscosity of Ceres’ outer-most layer
(25-50 km thick) is substantially greater than that of pure water
ice. A factor of ten increase in viscosity can be achieved by
assuming the layer is a 50/50 ice-rock mixture by volume;
however, our simulations show that such an increase is insufficient
to prevent substantial relaxation over timescales of 1 Gyr. Only



particulate volume fractions greater than 50% provide an increase
in viscosity sufficient to prevent large-scale, rapid relaxation. Such
volume fractions suggest an outer layer composed of frozen
soil/regolith (i.e., more rock than ice by volume), a very salt-rich
layer, or both. Notably, while most basins appear quite deep, a few
relatively shallow basins have been observed (e.g., Coniraya),
suggesting that relaxation may be occurring over very long
timescales (e.g., 4 Ga), that Ceres’ interior is compositionally and
spatial heterogeneous, and/or that temporal evolution of the
interior structure and composition has occurred. If these shallow
basins are in fact the result of relaxation, it places an upper limit on
the viscosity of Ceres’ outer-most interior layer, implying at least
some low-viscosity material is present and likely eliminating the
possibility of a purely rocky (homogeneous, low density, high
porosity) interior.
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103.08 — Geomorphological evidence for pervasive
ground ice on Ceres from Dawn data

Five decades of observations of Ceres have explored the likelihood
that the innermost dwarf planet boasts an ice rich bulk
composition. We report geomorphological evidence from Dawn
Framing Camera data suggesting that its surface has likely been
shaped by surface and/or shallow subsurface ice, including
possible evaporative and flow processes within silicate-ice
mixtures. Here we highlight three classes of features that possess
strong evidence for ground ice. First, ubiquitous craters with
scallop-shaped rims, in some cases “breached,” are characterized by
mass wasting processes and by the recession of crater walls in
asymmetric patterns; these could be influenced by processes
analogous to those in sublimating ice-rich terrain on Mars and
those formed by mass wasting in terrestrial glaciated regions. The
degradation of crater walls appears to be responsible for the nearly
complete removal of some craters, particularly at low latitudes.
Second, several high latitude, high elevation craters feature lobed
flows that emanate from cirque-shaped head walls and bear
strikingly similar morphology to flows on other ice-rich planetary
surfaces. Possible similarities to terrestrial rock glaciers include
lobate toes and indications of furrows and ridges consistent with
flow of ice-cored or ice-cemented material. Other lobed flows
persist at the base of crater walls and mass wasting features. Many
flow features evidently terminate at ramparts. Third, there are
frequent irregular domes, peaks and mounds within crater floors
that depart from traditional crater central peaks or peak complexes.
In some cases the irregular domes show evidence for high albedo
or activity. One possible formation scenario could include extrusion
and refreezing of subsurface water, forming domes in similar
processes to ice lens formation in pingos. The distribution of these
classes of features, including latitudinal variation in their
abundance and/or appearance, suggests that ground ice is a key
controller of geology on Ceres, and that ice content within the
surface and subsurface is spatially varied and/or activated by
energetic events.

Author(s): Britney E Schmidt3, Jennifer Scully®, Heather T
Chilton3, Kynan Hughsonl1, Hanna Sizemore9, Michael Bland14,
Paul Schenk?, Andreas Nathues8, Thomas Platz8, David P
O'Brien9, Shane Byrnel2, Norbert Schorghofer4, Eleonora
Ammanitol1, Christopher T Russelll1, Carol A Raymond®, Maria
Cristina DeSanctis5, Simone MarchilO, Jian-Yang Li9, Lucille
LeCorre9, Vishnu Reddy9, Harald Hiesingerl3, Ralf Jaumann2,
Mark Sykes9, Thomas McCordl

Institution(s): 1. Bear Fight Institute, 2. DLR, 3. Georgia
Institute of Technology, 4. IFA, University of Hawaii, 5. INAF, 6.
JPL, 7. LPI, 8. MPS, 9. PSI, 10. SWRI, 11. UCLA, 12. University of
Arizona, 13. University of Muenster, 14. USGS

103.09 — Thermal Stability of Ice on Ceres with Rough

Topography

The dwarf planet Ceres may have an ice-rich crust, and subsurface
ice exposed by impacts or endogenic activity would be subject to
sublimation. The “bright spots” recently discovered by the Dawn
mission on the illuminated surface of Ceres have prompted
speculation regarding their possible icy composition and the
youthful age this might imply. Furthermore, sublimation of ice at
the surface or in the interior of Ceres could explain water vapor
observed on more than one occasion in the exosphere. We
investigated the possible distribution and lifetimes of water ice and
other volatiles on Ceres using detailed thermal models, including
realistic thermophysical properties and surface roughness.
Topographic shadowing creates polar cold traps where a small, but
non-negligible fraction (~0.4%) of Ceres' surface is perennially
below the ~110 K criterion for 1 Gyr of HoO ice stability. These
areas are found above 60° latitude. Other molecules (CH30H,
NHg, SO5, CO5) may be cold-trapped in smaller abundances. A
model for the transport, gravitational escape and photoionization
of HoO molecules suggests net accumulation in the cold traps. At
latitudes 0° - 30°, ice is stable under solar illumination only briefly
(~10-100 yr), unless it has high albedo and thermal inertia, in
which case lifetimes of > 104 yr are possible.

Buried ice is stable within a meter for > 1 Gyr at latitudes higher
than ~50°. An illuminated polar cap of water ice would be stable
within a few degrees of the poles only if it maintained a high albedo
(> 0.5) at present obliquity. If the obliquity exceeded 5° in the
geologically recent past, then a putative polar cap would have been
erased. Finally, a small hemispheric asymmetry exists due to the
timing of Ceres' perihelion passage, which would lead to a
detectable enhancement of ice in the northern hemisphere if the
orbital elements vary slowly relative to the ice accumulation rate.
Our model results are potentially testable during the Dawn science
mission.
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103.10D — Geophysics and geochemistry intertwined:
Modeling the internal evolution of Ceres, Pluto, and
Charon

Liquid water likely shaped dwarf planet evolution: observations
[1,2] and models [3-5] suggest aqueous alteration of silicates or
volatiles accreted by these worlds. Driven by thermo-physical
settings, aqueous alteration also feeds back on dwarf planet
evolution in unconstrained ways. Can rocky dwarf planet cores
crack, increasing the water-rock interface? Might radionuclides be
leached into fluids, changing the distribution of this chief heat
source? What is the fate of antifreezes, on which may hinge
long-term liquid persistence? Is volcanism favored or impeded?
What are predicted cryomagma compositions?

We have modeled silicate core fracturing [6], geochemical
equilibria between chondritic rock and aqueous fluids [7], and
prerequisites for cryovolcanism [8]. These models, coupled to an
evolution code [3], allow us to study geophysics/chemistry
feedbacks inside dwarf planets.

Ice-rock differentiation, even partial [9,10], yields a rocky, brittle
core cracked by thermal stresses; liquid circulation through core
cracks transports heat into the ice mantle, yielding runaway
melting that quickly ceases once convection cools the mantle to its
freezing point [6]. Hot fluids can leach radionuclides at high
water:rock ratios (W:R); NH, antifreeze can turn into
NH4—minerals atlow W:R [7j7’. Volatile (chiefly CO) exsolution
enables explosive cryovolcanism [8]; this may explain Pluto’s
young, CO-rich Tombaugh Regio.

Applied to Ceres, such models are consistent with pre-Dawn and
Dawn data [11] provided Ceres partially differentiated into a rocky
core and muddy mantle [10]. They suggest Ceres’ hydrated surface
[2] was emplaced during a 26Al-fueled active phase, and predict its
bright spots result from cryovolcanic fluids squeezed by mantle
refreezing and effusing through pre-existing subsurface cracks [11].
[1] Cook et al. 2007 ApJ 663:1406
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[3] Desch et al. 2009 Icarus 202:694
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103.11D — The geological evolution of asteroid Vesta
from Dawn orbital observations and meteorite
analogs

Asteroid Vesta is a survivor protoplanet and the knowledge it yields
is essential to understand the early stages of planet formation. To
support mineralogical characterization of its surface, mineralogical
and near-IR (0.7-2.5 um) analyses of 24 howardite-eucrite-
diogenite meteorites were performed (Ruesch et al., 2015). The
range of observation geometries within which the compositional
variations can be distinguished from geometry effects were
determined, and empirical calibrations relating the position of
absorption bands to average pyroxene compositions were
established. Next, the empirical calibrations were applied to
reflectance spectra of Vesta from the Dawn's near-IR spectrometer
(VIR) revealing that Vesta s iron-poor terrains have a FsgoWos
pyroxene, whereas iron-rich terrains have an average Fs47Wo14
(Ruesch et al. 2015). This confirms that, despite a homogeneous
regolith, different terrains are preserved, and formed during an
early magmatic period. To further characterize Vesta’s igneous
processes, a search for olivine's near-IR signature was performed.
Concentrations of olivine-enriched areas were found in the
northern hemisphere (Ruesch et al. 2014a), corroborating other
studies. As such location was unexpected, the geology of the
northern was characterized with the Dawn Framing Camera
observations (Ruesch et al., 2014b). The hemisphere is composed
of an ancient (pre-Veneneian epoch), densely cratered terrain,
partly disrupted by a subdued tectonic system (Veneneian epoch).
Olivine-enriched materials are exposed recently (Marcian epoch)
by impacts and mass wasting, but most of their parent lithologies
are probably the result of shallow magmatic activity during the
pre-Veneneian. The presence of olivine-enriched material in this
context and not as exposure of an olivine-rich mantle, partly
contradicts many pre-Dawn concepts of Vestan differentiation. As
an alternative to the HED parent body model, few scenarios exist
for Vesta's early evolution, and none provide consistent
explanation for the entire range of observations reported in this
comprehensive mineralogical and geological study. This reveals
that protoplanets experienced a complex differentiation process,
which is only partly understood.

Author(s): Ottaviano Ruesch1
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104 — Planetary Rings

104.01 — Constraints on Chariklo's rings from HST and
VLT observations

In June 2013, a stellar occultation revealed for the first time ever
the presence of two dense and narrow rings around a small object
of the solar system, the Centaur (10199) Chariklo (Braga-Ribas et
al., Nature 508, 72, 2014). This body follows an eccentric orbit
between Saturn and Uranus, with perihelion and aphelion
distances of 13.1 and 18.5 AU. Due to Uranus perturbations, its
orbit is unstable on the very short time scale of ~10 Myr (Horner at
al. MNRAS 354, 798, 2004). The two rings (C1R and C2R,
respectively) have orbital radii ac1R= 390.6+3.3 km and acoR=
404.8+3.3 km, and typical widths Wc{R ~6.5 km and W(CoR ~2
km, optical depths TC1R ~ 0.4 and tC1R ~ 0.06, with a gap of ~9
km between the two. Chariklo's radius, R~ 120 km (Duffard et al.

AA 568, A79, 2014 Fornasier et al. AA 518, L11, 2014), implies that
the ring system lies at 3.3-3.4 R(, farther away than the classical
Roche limit of 2.4 R that would be obtained for spherical ring
particles with the same density as Chariklo.

To better understand Chariklo's surroundings, and thus the origin
of the rings, direct imaging of Chariklo has been performed using
HST and VLT, with respectively 3 visits and 2 runs performed
between April and August 2015. The HST images were obtained
with the WFC3/UVIS camera with filters F300X (250-350 nm),
F475X (400-650 nm) and F350LP (300-1000 nm), and typical PSF
size of 30 milli-arcsec (mas), corresponding to about 300~km at
Chariklo. Conversely, the SPHERE high contrast instrument at
ESO VLT provided images in the near IR (Y, J and H bands), with
typical expected PSF sizes of 30-40 mas (300-400~km at
Chariklo). The main goals of those observations were: (1) obtain
direct images of the rings, confirming their geometry and their
orientation, (2) derive multi-wavelength photometry, thus
constraining their composition (concerning in particular the
presence of water ice), (3) perform a deep search of small satellites
(down to a few km in diameter), (4) faint dusty rings around
Chariklo (down to about T ~10-5-10-6), and (5) search possible
cometary jets or coma, akin to what is observed around another
Centaur, Chiron (Ortiz et al. AA 576, A8, 2015). Premiminary
results obtained from those observations will be presented.
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104.02 — Chariklo's size, shape and orientation from
stellar occultations

Chariklo is the largest Centaur object known to date, and it is
surrounded by dense and narrow rings (Braga-Ribas et al. Nature
508, 72, 2014). The size, shape and orientation of the central body
are important parameters to better understand the dynamics of the
rings.

In that context, we have analyzed three stellar occultations by
Chariklo and its main ring observed on June 3, 2013, April 29, 2014
and June 28, 2014. Elliptical limb fitting to Chariklo’s main body
occultation chords has been performed, where we denote a (resp.
b) the semi-major (resp. semi-minor) axis of the limb. Preliminary
results indicate that Chariklo’s limb is elliptical with axes ratio
b/a~0.89. We obtain a~133 km and b~119 km, providing an
equivalent radius of Regyjp=Vv(ab)~126 km. The rms dispersion of
the fit, about 4 km, is compatible with local topographic features on
asmall icy body. For comparison, an equivalent radius of Requiv=
119+5 km, based on thermal data, is given by Fornasier et al, AA
518, L11, 2014, while Duffard et al. AA 568, A79, 2014 estimate a=
122 km and b= 117 km.

Our results are obtained under the simplifying assumption that the
main ring is circular and that its center coincides with that of
Chariklo. Caveats and error bars will be discussed, and dynamical
implications will be presented. In particular, rough estimations of
the ring apsidal precession rates will be given, as well as constraints
on Chariklo's density.
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104.03D —

Particle Sizes in Saturn’s Rings from Diffraction
Signals in Cassini UVIS Occultation Data

Since its arrival at Saturn in 2004, the Cassini spacecraft has
illuminated many aspects of the planet’s extensive ring system,
including its vast range of particle sizes. Constraints on the particle
size distribution are critical for understanding the evolution of the
ring system. Our investigation focuses on modeling diffraction
signals in occultation data from the Cassini Ultraviolet Imaging
Spectrograph (UVIS) to measure the population of the smallest
particles in Saturn’s rings.

Occultation data from Cassini’s Radio Science Subsystem and the
Visual and Infrared Mapping Spectrometer also provide
measurements of the size distribution. The amount of light
diffracted by the occulting particles is a reflection of the ratio of the
wavelength of light and the radius of the particles. We can utilize
the diffraction signals at different wavelengths measured by
different instruments to describe the particle size distribution of
Saturn’s rings.

The UVIS wavelength bandpass, 51.2-180 nm, is the shortest of
these instruments, making it most sensitive to the smallest
particles. We model the diffraction signals detected in stellar
occultation data at ring edges and find that Saturn’s outer A ring
lacks any significant population of sub-mm particles, but the
average size of the smallest particles decreases from ~1.5 cm at the
Encke Gap to ~4 mm at the outer edge of the A ring. Diffraction
spikes have also been identified at the edge of the B ring and at
sharp edges of ringlets in the C ring and Cassini Division,
suggestive of mm-sized particles throughout the rings. We analyze
solar occultations by the F ring and sporadically detect diffracted
light, indicating the population of sub-mm particles responsible for
the diffraction is transient or spatially variable. Comparisons with
images from the Cassini Imaging Science Subsystem suggest that
these diffraction signals coincide with nearby collisional events in
the F ring core. This may indicate that such events release dust
particles, producing a diffraction signature in the UVIS data.

We will present an overview of the concerted efforts to measure the
particle size distribution of Saturn’s rings and the recent results
from our investigation of UVIS occultation data.
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104.04 — A traveling feature in Janus spiral density
waves

Every 4.0 years on 21 January, the Saturnian co-orbital satellites
Janus and Epimetheus move radially and switch relative positions.
This swap also alters the locations of the resonances within the
rings corresponding to these moons. In stellar occultations by the A
and B rings observed by the Cassini Ultraviolet Imaging
Spectrograph’s High Speed Photometer between 2005 and 2015,
we report the detection of many density-wave interference
structures as a result of these orbital swaps.

Most prominent in the Janus 2:1, 4:3, 5:4, and 6:5 resonance
regions is a soliton-like traveling wave which propagates through
the rings. This wave moves at approximately twice the group
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velocity of the A-ring spiral density waves and at a similar velocity
to that of the Janus 2:1 density wave in the B ring. The optical
depth of the B ring near the Janus 3:2 spiral density wave is too
great for it to be visible and no similar traveling features were
detected within three Mimas and Prometheus density waves.

Author(s): Morgan Rehnbergl, Larry W Espositol, Zarah L
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104.05 — An analysis of the A ring's outer edge probes
Saturn's interior

We present a study of the behavior of the outer edge of Saturn's A
ring, using images and occultation data obtained by the Cassini
spacecraft over a period of 8 years from 2006 to 2014. More than
5000 images and 150 occultations of the A ring outer edge are
analyzed. Our fits confirm the expected response to the Janus 7:6
Inner Lindblad resonance (ILR) between 2006 and 2010, when
Janus was on the inner leg of its regular orbit swap with
Epimetheus. During this period, the edge exhibits a regular 7-lobed
pattern with an amplitude of 12.8 km and one minimum aligned
with the orbital longitude of Janus, as has been found by previous
investigators. However, between 2010 and 2014, the
Janus/Epimetheus orbit swap moves the Janus 7:6 LR away from
the A ring's outer edge, and the 7-lobed pattern disappears.

In addition to the perturbation forced by Janus, we have identified
a variety of normal modes at the edge of the A ring, with values of
"m" ranging from 3 to 18 and appropriate pattern speeds. These
modes may represent waves trapped in resonant cavities at the
edge (Spitale and Porco 2010, Nicholson et al 2014).

We further identified some other signatures consistent with
tesseral resonances that might be associated with inhomogeneities
in Saturn's interior. This result is consistent with previous studies
(Hedman et al 2009, 2014). These signatures may provide
information about differential rotation in Saturn's interior.
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104.06 — Analysis and Dynamics of a Saturnian
Satellite at the A Ring Edge

An object found (Murray et al. 2014) at the edge of Saturn's A ring
presents a unique opportunity to investigate Charnoz et al. (2010)'s
suggestion that moonlets form in the rings as well as to conduct
dynamical studies near the ring edge. We track this object in
Cassini images to learn its connection, if any, to Janus' co-rotation
and Lindblad resonances before and after the 2014 orbital shift of
Janus and Epimetheus. We find that it may have undergone an
abrupt eight-kilometer shift in semi-major axis in 2013, which is
unexplained by resonant effects but may be due to a collision with
something in or outside of the rings. Furthermore, we propose the
potential existence of another object near the ring edge, which
would obviate any change in the semi-major axis of Murray's
object. Such an object may have been captured in co-rotation
resonance with Janus between 2010 and 2014.
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104.07 — Wisps in the outer edge of the Keeler Gap
Superposed upon the relatively smooth outer edge of the Keeler
Gap are a system of "wisps," which appear to be ring material
protruding inward into the gap, usually with a sharp trailing edge
and a smooth gradation back to the background edge location on
the leading side (Porco et al. 2005, Science). The radial amplitude
of wisps is usually 0.5 to 1 km, and their azimuthal extent is
approximately a degree of longitude (~2400 km). Wisps are likely



caused by an interplay between Daphnis (and perhaps other
moons) and embedded moonlets within the ring, though the
details remain unclear.

Aside from the wisps, the Keeler Gap outer edge is the only one of
the five sharp edges in the outer part of Saturn's A ring that is
reasonably smooth in appearance (Tiscareno et al. 2005, DPS),
with occultations indicating residuals less than 1 km upon a
possibly non-zero eccentricity (R.G. French, personal
communication, 2014). The other four (the inner and outer edges
of the Encke Gap, the inner edge of the Keeler Gap, and the outer
edge of the A ring itself) are characterized by wavy structure at
moderate to high spatial frequencies, with amplitudes ranging from
2 to 30 km (Tiscareno et al. 2005, DPS).

We will present a catalogue of wisp detections in Cassini images.
We carry out repeated gaussian fits of the radial edge location in
order to characterize edge structure and visually scan those fitted
edges in order to detect wisps. With extensive coverage in longitude
and in time, we will report on how wisps evolve and move, both
within an orbit period and on longer timescales. We will also report
on the frequency and interpretation of wisps that deviate from the
standard morphology. We will discuss the implications of our
results for the origin and nature of wisps, and for the larger picture
of how masses interact within Saturn's rings.
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104.08 — Strong orbital expansion of Saturn’s inner
ice-rich moons through ring torques and mutual
resonances during their accretion from a massive ring
Saturn has a diversity of moons with possibly diverse origins. Titan
likely formed in Saturn’s sub-nebula (e.g., Canup & Ward 2006).
The small moons interior to Mimas are likely recent aggregates of
ring’s material spreading through the Roche limit (Charnoz et al.
2010). The origin of the mid-size moons, Mimas through Rhea, is
debated. Charnoz et al. (2011) considered a massive ice-rock ring
and strong tidal dissipation in Saturn (Q ~ 103), and found that
moons out to Rhea could be spawned from such a ring. However
such a small value for Q for Saturn is debated. In addition, capture
into mutual Mean Motion Resonances (MMR) and resulting
eccentricity growth (not included in the Charnoz et al. (2011)
model) could lead to orbital destabilization as the moons tidally
expand over such large distances (Peale & Canup 2015).

Here we consider weak planetary tides (Q = 104) and investigate
whether Mimas, Enceladus and Tethys could have been spawned
from a massive ice ring (Canup 2010). In this scenario, the rock in
these moons would be delivered by material from outside the rings,
e.g. by heliocentric impactors during the LHB (Canup 2013). We
have expanded a numerical model developed to study the Moon’s
accretion (Salmon and Canup 2012, 2014), which couples an
analytic Roche-interior disk model to the N-body code SYMBA
(Duncan et al. 1998) for satellites, so that we can directly track their
accretion and mutual interactions (including MMRs), as well as
their tidal interaction with the planet. We consider an initially large
Saturn (Fortney et al. 2007) and its progressive contraction, which
impacts the strength of tides and the location of the corotation
resonance. We perform simulations with and without Dione and
Rhea, and study the influence of tidal dissipation into the moons.
We find that recoil of the moons due to ring torques, together with
capture of moons into MMRs, can produce a distribution similar to
that observed. If tidal dissipation in the moons was weak, we show
that even if the final moons have low eccentricity and inclination,
they experience a phase of high values that is subsequently
damped by mutual collisions. The latter seem to typically preserve
the overall stability of the system.

Author(s): Julien Salmon1, Robin M Canup?
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104.09 — Non-Linear Dynamics of Saturn’s Rings
Non-linear processes can explain why Saturn’s rings are so active
and dynamic. Ring systems differ from simple linear systems in two
significant ways: 1. They are systems of granular material: where
particle-to-particle collisions dominate; thus a kinetic, not a fluid
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description needed. We find that stresses are strikingly
inhomogeneous and fluctuations are large compared to
equilibrium. 2. They are strongly forced by resonances: which drive
anon-linear response, pushing the system across thresholds that
lead to persistent states.

Some of this non-linearity is captured in a simple Predator-Prey
Model: Periodic forcing from the moon causes streamline
crowding; This damps the relative velocity, and allows aggregates to
grow. About a quarter phase later, the aggregates stir the system to
higher relative velocity and the limit cycle repeats each orbit.
Summary of Halo Results: A predator-prey model for ring
dynamics produces transient structures like ‘straw’ that can explain
the halo structure and spectroscopy: This requires energetic
collisions (v ~ 10m/sec, with throw distances about 200km,
implying objects of scale R = 20km).

Transform to Duffing Eqn : With the coordinate transformation, z
= M2/3, the Predator-Prey equations can be combined to form a
single second-order differential equation with harmonic resonance
forcing.

Ring dynamics and history implications: Moon-triggered clumping
at perturbed regions in Saturn’s rings creates both high velocity
dispersion and large aggregates at these distances, explaining both
small and large particles observed there. We calculate the
stationary size distribution using a cell-to-cell mapping procedure
that converts the phase-plane trajectories to a Markov chain.
Approximating the Markov chain as an asymmetric random walk
with reflecting boundaries allows us to determine the power law
index from results of numerical simulations in the tidal
environment surrounding Saturn. Aggregates can explain many
dynamic aspects of the rings and can renew rings by shielding and
recycling the material within them, depending on how long the
mass is sequestered. We can ask: Are Saturn’s rings a chaotic
non-linear driven system?

Author(s): Larry W. Espositol
Institution(s): 1. Univ. of Colorado

104.10 — NanoRocks: Experimental Study of
Collisional Damping and Aggregation at Low
Velocities

The NanoRocks experiment on the International Space Station
consists of 8 separate sample trays of particles from ~0.1 mm — 2.0
mm in diameter that undergo collisional evolution. The
microgravity environment of the ISS allows collision speeds of less
than 1 mm/s to be studied. At these speeds the experiment
reproduces the velocity dispersion found in unperturbed regions of
Saturn’s rings. Observations of the rings from Cassini instruments
hint at aggregation and fragmentation of clumps depending on the
local surface mass density, particle size distribution and velocity
dispersion.

The eight NanoRocks samples include plastic beads, copper, glass,
and JSC-1 lunar regolith simulant. The samples are shaken at 1
minute intervals to provide initial collision velocities of a few cm/s,
and video is recorded of the collisional evolution of the particle
samples. We derive mean coefficients of restitution for the
different samples based on the damping of the mean velocity
dispersion as well as tracking of individual particle trajectories. The
evolution of the velocity distribution is consistent with a uniform
random distribution of the coefficient of restitution, independent
of collision velocity. This is consistent with results of HeiBelmann
et al. (Icarus Vol. 206, pp. 424-430, 2010) using larger icy particles.
We also find the onset of cluster formation at speeds of a few
mm/s. We will present our results and discuss applications to
models of the collisional evolution of Saturn’s rings.

Author(s): Joshua E. Colwelll, Julie Brissetl, Adrienne R
Dovel, Jessica Metzgerl, Allison Rascon?
Institution(s): 1. University of Central Florida

104.11 — Impact of Saturn Main Ring Mass on
interpretation of Pioneer 11 and Cassini SOI Radiation
Measurements Across the Rings

The Pioneer 11 (1979) and Cassini Orbiter (2004) missions
measured the energetic particle and gamma ray flux environments



across the A, B, and outer C rings of Saturn. This radiation
originates as secondary proton, neutron, electron, and gamma ray
emissions from the interaction of high-energy (> 20 GeV) galactic
cosmic ray protons and other ions with bulk ice material in the
rings and is sensitive to the surface mass density of the rings. The
Pioneer 11 analysis from the University of Chicago High Energy
Telescope, published in 1985, was consistent with a average surface
density of about 50 %cm% assuming pure water ice, and a total
ring mass of 2.7x10-S Saturn masses (Mg§). This independently-
derived value confirmed the post-Voyager result of 3x10-8 Mg
from radio and stellar occultations, and from observed damping of
density waves in the rings. Although some later ring models in the
Cassini mission era (2004 - present) allow for a greater mass by an
order of magnitude, the latest density wave analysis from Cassini
indicates that the Pioneer-Voyager value may be correct. GEANT
radiation transport simulations have been performed to update the
ring radiation model and enable ongoing assessments of the
Pioneer 11 HET and Cassini MIMI/LEMMS responses to this
radiation. The O5 gas production by radiation chemistry within the
ring material is also estimated as a function of ring mass for
comparison to Cassini and earlier measurements of the ring
atmosphere and ionosphere. More massive rings would produce
more Oo.

Author(s): John F. Cooper3, Steven J. Sturner3, Edward C.
Sittler, Jr.3, Peter Kollmann1, Elias Roussos2, Robert E. Johnson4
Institution(s): 1. Applied Physics Laboratory Johns Hopkins
University, 2. Max Planck Institute for Solar System Research, 3.
NASA Goddard Space Flight Center, 4. University of Virginia

105 — Pluto System III--Pluto's Atmosphere

105.01 — Radio Occultation Measurements of Pluto’s
Atmosphere with New Horizons

The reconnaissance of the Pluto System by New Horizons included
radio occultations at both Pluto and Charon. This talk will present
the latest results from the Pluto occultation. The REX instrument
onboard New Horizons received and recorded uplink signals from
two 70-m antennas and two 34-m antennas of the NASA Deep
Space Network - each transmitting 20 kW at 4.2-cm wavelength -
during a diametric occultation by Pluto. At the time this was written
only a short segment of data at occultation entry (193°E, 17°S) was
available for analysis. The REX measurements extend
unequivocally to the surface, providing the first direct measure of
the surface pressure and the temperature structure in Pluto’s lower
atmosphere. Data from occultation exit (16°E, 15°N) are scheduled
to arrive on the ground in late August 2015. Those observations
will yield an improved estimate of the surface pressure, a second
temperature profile, and a measure of the diameter of Pluto with a
precision of a few hundred meters. This work is supported by the
NASA New Horizons Mission.

Author(s): David P. Hinson5, Ivan Linscott7, Len Tyler7, Mike
Bird9, Martin Paetzold10, Darrell Strobel3, Mike Summers2, Will
Woods7, Alan Stern®, Hal Weaverl, Cathy Olkin©, Leslie Young®,
Kimberly Ennico4, Randy Gladstone8, Tommy Greathouse8, Josh
Kammer0, Alex Parker6, Joel Parker6, Kurt Retherford8, Eric
Schindhelm®, Kelsi Singer6, Andrew Steffl6, Con Tsang®, Maarten
Versteeg8

Institution(s): 1. Applied Physics Laboratory, 2. George Mason
University, 3. Johns Hopkins University, 4. NASA Ames Research
Center, 5. SETI Institute, 6. Southwest Research Institute, 7.
Stanford University, 8. SWRI, 9. University of Bonn, 10.
University of Cologne

105.02 — Discovery of Hazes in Pluto's Atmosphere
The New Horizons spacecraft made the first reconnaissance of the
Pluto-Charon system on Jul 14, 2015. The Long Range
Reconnaissance Imager (LORRI) on New Horizons obtained
images of Pluto and Charon on approach, near closest approach,
and on departure. The departure images, obtained at high solar
phase angles , unexpectedly revealed that Pluto’s atmosphere is
hazy. The haze in Pluto’s atmosphere was detected in each of five
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images obtained in two separate observations on Jul 14 and on Jul
26, at solar phase angles of 167° and 165° respectively. The haze
extends to altitudes of at least 150 km above Pluto’s surface, with
evidence for layering and/or gravity waves. We will present the
haze observations and discuss derived physical properties and
implications for the atmosphere and its interactions with the
surface, including estimates for the rate of deposition of haze
particles on the surface of Pluto.This work was supported by
NASA's New Horizons Project.

Author(s): Andrew F. Cheng2, Randy Gladstone3, Michael
Summers!, Alex Parker3, John Spencer3, Leslie Young3, Hal
Weaver2, Kim Ennico3, Cathy Olkin3, Alan Stern3
Institution(s): 1. George Mason, 2. Johns Hopkins, APL, 3.
Southwest Research

105.03 — Haze in Pluto's atmosphere: Results from
SOFIA and ground-based observations of the 2015
June 29 Pluto occultation

We observed the 29 June 2015 occultation by Pluto from SOFIA
and several ground-based sites in New Zealand. Pre-event
astrometry (described in Zuluaga et al., this conference) allowed us
to navigate SOFIA into Pluto's central flash (Person et al., this
conference). Fortuitously, the central flash also fell over the Mt.
John University Observatory (Pasachoff et al., this conference). We
combine all of our airborne and ground-based data to produce a
geometric solution for the occultation and to investigate the state of
Pluto's atmosphere just two weeks before the New Horizons
spacecraft's close encounter with Pluto. We find that the
atmosphere parameters at half-light are unchanged from our
observations in 2011 (Person et al. 2013) and 2013 (Bosh et al.
2015). By combining our light-curve inversion with recent radius
measurements from New Horizons, we find strong evidence for an
extended haze layer in Pluto's atmosphere. See also Sickafoose et
al. (this conference) for an evaluation of the particle sizes and
properties.

SOFIA is jointly operated by the Universities Space Research
Association, Inc. (USRA), under NASA contract NAS2-97001, and
the Deutsches SOFIA Institut (DSI) under DLR contract 50 OK
0901 to the University of Stuttgart. Support for this work was
provided by NASA SSO grants NNX15AJ82G (Lowell Observatory),
NNX10AB27G (MIT), and NNX12AJ29G (Williams College), and
by the National Research Foundation of South Africa.

Author(s): A. S. Bosh6, M. J. Person6, C. A. Zuluagab, A. A.
SickafooselO, S. E. Levine5, J. M. Pasachoff21, B. A. Babcock?21, E.
W. Dunhamb5, I. McLean15, J. Wolf17, F. Abe8, E. Becklin20, T. A.
Bida5, L. P. Bright5, T. Brothers6, G. Christie2, P. L. Collins5, R. F.
Durst21, A. C. Gilmore18, R. Hamilton20, H. C. Harris4, C.
Johnson15, P. M. Kilmartin18, M. R. Kosiarek6, K. Leppik20, S. E.
Logsdon15, R. Lucas13, S. Mathers11, C. J. K. Morley9, P. Nelson1,
H. NganZ2, E. Pfiillerl7, T. Natusch?2, H.-P. Réserl7, S. Sallum12,
M. Savage20, C. H. Seeger21, H. Siub, C. Stockdale4, D. Suzukil9,
T. Thanathibodeeb, T. Tilleman14, P. J. Tristram7, J. Van Cleve20,
C.Varughese3, L. W. Weisenbach6, E. Widen16, M. Wiedemann17
Institution(s): 1. AAVSO, 2. Auckland Observatory, 3. Earth &
Sky Limited, 4. Hazelwood Observatory, 5. Lowell Observatory, 6.
MIT, 7. Mt. John University Observatory, 8. Nagoya University, 9.
Sandy Ridge Observatory, 10. South African Astronomical
Observatory, 11. Southern Cross Observatory, 12. Steward
Observatory, 13. Sydney University, 14. U.S. Naval Observatory,
15. UCLA, 16. United States Antarctic Program, 17. Universitdt
Stuttgart, 18. University of Canterbury, 19. University of Notre
Dame, 20. USRA, 21. Williams College

105.04 — Investigation of particle sizes in Pluto's
atmosphere from the 29 June 2015 occultation

The 29 June 2015 observations of a stellar occultation by Pluto,
from SOFIA and ground-based sites in New Zealand, indicate that
haze was present in the lower atmosphere (Bosh et al., this
conference). Previously, slope changes in the occultation light
curve profile of Pluto’s lower atmosphere have been attributed to
haze, a steep thermal gradient, and/or a combination of the two.
The most useful diagnostic for differentiating between these effects



has been observing occultations over a range of wavelengths: haze
scattering and absorption are functions of particle size and are
wavelength dependent, whereas effects due to a temperature
gradient should be largely independent of observational
wavelength. The SOFIA and Mt. John data from this event exhibit
obvious central flashes, from multiple telescopes observing over a
range of wavelengths at each site (Person et al. and Pasachoff et al.,
this conference). SOFIA data include Red and Blue observations
from the High-speed Imaging Photometer for Occultations (HIPO,
at ~ 500 and 850 nm), First Light Infrared Test Camera
(FLITECAM, at ~1800 nm), and the Focal Plan Imager (FPI+, at ~
600 nm). Mt. John data include open filter, g', r', i', and near
infrared. Here, we analyze the flux at the bottom of the light curves
versus observed wavelength. We find that there is a distinct trend
in flux versus wavelength, and we discuss applicable Mie scattering
models for different particle size distributions and compositions (as
were used to characterize haze in Pluto's lower atmosphere in
Gulbis et al. 2015).

SOFIA is jointly operated by the Universities Space Research
Association, Inc. (USRA), under NASA contract NAS2-97001, and
the Deutsches SOFIA Institut (DSI) under DLR contract 50 OK
0901 to the University of Stuttgart. Support for this work was
provided by the National Research Foundation of South Africa,
NASA SSO grants NNX15AJ82G (Lowell Observatory), PA
NNX10AB27G (MIT), and PA NNX12AJ29G (Williams College),
and the NASA SOFIA Cycle 3 grant NAS2-97001 issued by USRA.

Author(s): Amanda A. SickafooselO, A. S. Bosh6, M. J.
Personb, C. A. Zuluagab, S. E. Levine5, J. M. Pasachoff21, B, A.
Babcock21, E. W. Dunhamb, I. McLeanl5, J. Wolf17, F. Abe8, T. A.
Bida5, L. P. Bright5, T. Brothers6, G. Christie2, P. L. Collins5, R. F.
Durst21, A. C. Gilmore18, R. Hamilton20, H. C. Harris4, C.
Johnson15, P. M. Kilmartin18, M. R. Kosiarek0, K. Leppik20, S.
Logsdon15, R. Lucas13, S. Mathers11, C. J. K. Morley9, T.
Natusch2, P. Nelson1, H. Ngan2, E. Pfiiller17, H.-P.
roeser@irs.uni-stuttgart.del7, S. Sallum12, M. Savage20, C. H.
Seeger21, H. Siub, C. Stockdale4, D. Suzukil9, T. Thanathibodee6,
T. Tilleman14, P. J. Tristam7, J. Van Cleve20, C. Varughese3, L. W.
Weisenbach6, E. Widen16, M. Wiedemann17

Institution(s): 1. Astronomical Society of Victoria, 2. Auckland
Observatory, 3. Earth & Sky Limited, 4. Hazelwood Observatory,
5. Lowell Observatory, 6. MIT, 7. Mt. John University
Observatory, 8. Nagoya University, 9. Sandy Ridge Observatory,
10. South African Astronomical Observatory, 11. Southern Cross
Observatory, 12. Steward Obs., 13. Sydney University, 14. U.S.
Naval Observatory, 15. UCLA, 16. United States Antarctic
Program, 17. Universitdt Stuttgart, 18. University of Canterbury,
19. University of Notre Dame, 20. USRA, 21. Williams College

105.05 — Central Flash Analysis of the 29 June 2015
Occultation

After an extensive prediction effort, the 29 June 2015 occultation
by Pluto was observed from both airborne (Stratospheric
Observatory for Infrared Astronomy - SOFIA) and numerous
ground-based telescopes (Bosh et al. - this meeting). Real-time
prediction updates allowed placement of the SOFIA telescope with
its four detectors deep within the central-flash region of the
atmospheric occultation. Fortuitously, the Mount John University
Observatory (Lake Tekapo, New Zealand) was also within the
central-flash region (Pasachoff et al. — this meeting). This
happenstance resulted in multiple central-flash detections in
several colors from each facility allowing direct comparison of
different areas of the central-flash evolute.

Here we examine and discuss the central-flash signatures from the
highest signal-to-noise light curves from each facility. The relative
orientations and asymmetries in the central flashes allow us to use
them to tightly constrain the lower atmospheric ellipticity and
orientation of likely winds with respect to Pluto’s figure. The ratio
of the two separate central flashes is also a strong constraint on the
geometric solution for the full occultation data set, and the
absolute height of the central flashes with respect to those expected
for a clear isothermal atmosphere places constraints on haze
densities and thermal gradients in Pluto’s lower atmosphere. We
can also compare the central-flash signatures in several colors
(similar to Sickafoose et. al — this meeting) to establish bounds on
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haze-particle sizes in the lower atmosphere.

SOFIA is jointly operated by the Universities Space Research
Association, Inc. (USRA), under NASA contract NAS2-97001, and
the Deutsches SOFIA Institut (DSI) under DLR contract 50 OK
0901 to the University of Stuttgart. Support for this work was
provided, in part, by NASA grants SSO NNX15AJ82G (Lowell
Observatory), PA NNX10AB27G (MIT), and PA NNX12AJ29G
(Williams College), as well as the National Research Foundation of
South Africa, and the NASA SOFIA Cycle 3 grant NAS2-97001
issued by USRA.

Author(s): Michael J. Person6, A S Bosh6, A A Sickafoose6, C
A Zuluagab, S E Levine6, J M Pasachoff20, B A Babcock20, EW
Dunham5, I McLean13, J Wolf15, F Abe8, E Becklin13, T A Bida5,
L P Bright5, T C Brothers6, G Christie2, P L Collins5, R F Durst20,
A C Gilmore16, R Hamilton19, H C Harris18, C Johnson13, P M
Kilmartin16, M R Kosiarek6, K Leppik19, S E Logsdon13, R
Lucas!2, S Mathers10, C J K Morley9, T Natusch2, P Nelsonl, H
Ngan2, E Pfuellerl5, H-P Roeserl5, S Sallum11, M Savagel9, C H
Seeger20, H Siub, C Stockdale4, D Suzukil7, T Thanathibodee6, T
Tilleman18, P J Tristram?7, J Van Cleevel9, C Varughese3, L W
Weisenbach6, E Widen14, M Wiedemann15

Institution(s): 1. AAVSO, 2. Auckland Observatory, 3. Earth &
Sky Limited, 4. Hazelwood Observatory, 5. Lowell Observatory, 6.
MIT, 7. Mt. John University Observatory, 8. Nagoya University, 9.
Sandy Ridge Observatory, 10. Southern Cross Observatory, 11.
Steward Observatory, 12. Sydney University, 13. UCLA, 14. United
States Antarctic Program, 15. Universitdt Stuttgart, 16. University
of Canterbury, 17. University of Notre Dame, 18. USNO, 19. USRA,
20. Williams College

105.06 — Detection of Atmospheric CO on Pluto with
ALMA

We observed Pluto and Charon using the Atacama Large
Millimeter/submillimeter Array (ALMA) interferometer in
Northern Chile on June 12.2 and June 13.15, 2015, just one month
prior to the New Horizons flyby of the system. The configuration of
ALMA at the time provided ~0.3" resolution, allowing separation of
emission from Pluto and Charon. This project targeted multiple
science goals, including a search for HCN in Pluto's atmosphere [1]
and high precision measurements of the individual brightness
temperatures of Pluto and Charon [2], also presented at this
meeting. Here we report the high SNR detection of carbon
monoxide in the atmosphere of Pluto. The CO(3-2) rotational line,
at 345.796 GHz (867 um), was observed with 117 kHz spectral
resolution for 45 min (on-source) on each date, providing
~3.5mJy/channel RMS. CO emission was clearly detected on both
days, with a contrast of ~65 mJy above the Pluto continuum, and
~1.8 MHz FWHM linewidth, with the combined integrated line
SNR >50. The presence of CO in Pluto's atmosphere is expected
due to it's presence as ice on the surface in vapor pressure
equilibrium with the atmosphere (e.g. [3],[4]), and it was
previously detected at modest SNR in the near-IR using the VLT
[5]. A preliminary assessment based upon the CO line wings shows
the fractional abundance of CO is 500-750 ppm, consistent with
that found in [5]. Further, the shape of the line core emission
(assuming a constant CO mixing ratio), suggests that the
atmospheric temperature rises quickly from the surface to
~100-110 K in the altitude range 20-70 km but decreases above
that, falling to about 70 K by 200 km altitude. A detailed line
inversion analysis will be performed and results presented.

[1] Lellouch et al, this meeting. [2] Butler et al., this meeting. [3]
Owen et al (1993), Science, 261, pp. 745—748. [4] Spencer et al
(1993), In Pluto and Charon, pp. 435—473. Univ. of Arizona Press,
Tucson. [5] Lellouch et al (2011), A&A, 530, L4.



Author(s): Mark Gurwelll, Emmanuel Lellouch®, Bryan
Butler5, Arielle Moullet4, Raphael Moreno®, Dominique Bockelée-
Morvan6, Nicolas Biver6, Thierry Fouchet6, Darek Lis6, Alan
Stern7, Leslie Young?7, Eliot Young7, Hal Weaver3, Jeremie
Boissier 2, John Stansberry8

Institution(s): 1. Harvard-Smithsonian Center For Astrophysics,
2. Institut de Radio-Astronomie Millimétrique, 3. Johns Hopkins
University Applied Physics Laboratory, 4. National Radio
Astronomy Observatory - Charlottesville, 5. National Radio
Astronomy Observatory - Socorro, 6. Observatoire de Paris, 7.
Southwest Research Institute, 8. Space Telescope Science Institute

105.07 — Detection of HCN in Pluto's atmosphere

We report on the first detection of hydrogen cyanide in Pluto's
atmosphere, obtained with the ALMA interferometer. ALMA
observations of the HCN(4-3) line at 354.505 GHz were conducted
on June 12.2 and June 13.15, 2015 at ~0.3" spatial resolution,
separating Pluto from Charon, with a 234 kHz spectral sampling.
The HCN line was detected on both dates, with a ~100 mJy
contrast and a ~0.75 MHz FWHM linewidth. The narrow linewidth
and the absence of Lorentzian wings indicate that most of the HCN
resides in Pluto's upper atmosphere. As on Titan, HCN is an
expected photochemical product in a N2-CH4 atmosphere. Data
interpretation in terms of the HCN abundance/vertical distribution
and comparison with photochemical models will be presented.

Author(s): Emmanuel Lellouch6, Mark Gurwelll, Bryan
Butler5, Arielle Moullet4, Raphael Moreno®, Dominique Bockelée-
Morvan6, Nicolas Biver6, Thierry Fouchet6, Darek Lis6, Alan
Stern7, Leslie Young?7, Eliot Young7, Hal Weaver3, Jeremie
Boissier2, John Stansberry8

Institution(s): 1. Harvard-Smithsonian Center For Astrophysics,
2. Institut de Radio-Astronomie Millimétrique, 3. Johns Hopkins
University Applied Physics Laboratory, 4. National Radio
Astronomy Observatory - Charlottesville, 5. National Radio
Astronomy Observatory - Socorro, 6. Observatoire de Paris, 7.
Southwest Research Institute, 8. Space Telescope Science Institute

105.08 — Pluto's Extended Atmosphere: New Horizons
Alice Lyman-a Imaging

Pluto's upper atmosphere is expected to extend several planetary
radii, proportionally more so than for any planet in our solar
system. Atomic hydrogen is readily produced at lower altitudes due
to photolysis of methane and transported upward to become an
important constituent. The Interplanetary Medium (IPM) provides
a natural light source with which to study Pluto's atomic hydrogen
atmosphere. While direct solar Lyman-a emissions dominate the
signal at 121.6 nm at classical solar system distances, the
contribution of diffuse illumination by IPM Lyman-a sky-glow is
roughly on par at Pluto (Gladstone et al., Icarus, 2015). Hydrogen
atoms in Pluto's upper atmosphere scatter these bright Lya
emission lines, and detailed simulations of the radiative transfer for
these photons indicate that Pluto would appear dark against the
IPM Lya background. The Pluto-Alice UV imaging spectrograph on
New Horizons conducted several observations of Pluto during the
encounter to search for airglow emissions, characterize its UV
reflectance spectra, and to measure the radial distribution of IPM
Lya near the disk. Our early results suggest that these model
predictions for the darkening of IPM Lya with decreasing altitude
being measureable by Pluto-Alice were correct. We'll report our
progress toward extracting H and CH4 density profiles in Pluto's
upper atmosphere through comparisons of these data with detailed
radiative transfer modeling. These New Horizons findings will have
important implications for determining the extent of Pluto's
atmosphere and related constraints to high-altitude vertical
temperature structure and atmospheric escape.

This work was supported by NASA's New Horizons project.

15
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Center, 6. Nebraska Wesleyan University, 7. Southwest Research
Inst., 8. Stanford University, 9. The Johns Hopkins University

105.09 — Escape of Pluto's Atmosphere: In Situ
Measurements from the Pluto Energetic Particle
Spectrometer Science Investigation (PEPSSI)
instrument on New Horizons and Remote
Observations from the Chandra X-ray observatory
The escape rate of Pluto's atmosphere is of significant scientific
interest. The Pluto Energetic Particle Spectrometer Science
Investigation (PEPSSI) is a compact, energy by time-of-flight
(TOF) instrument developed to help address this science goal.
Pluto is known to have an atmosphere, and pre-encounter models
have postulated a majority No composition with free escape of up
to ~1028 molecules/sec. The expected major ionization product
near Pluto is singly ionized N molecules with pickup energies
sufficient to be measured with PEPSSI. In the process of measuring
the local energetic particle environment, such measurements can
also provide constraints on the local density of Pluto's extended
atmosphere, which, along with plasma measurements from the
Solar Wind Around Pluto (SWAP) instrument, also on New
Horizons, could allow the inference of the strengh and extent of
mass-loading of the solar wind due to Pluto's atmosphere. Pluto's
neutral atmosphere also provides a source population for charge
exchange of highly ionized, minor ions in the solar wind, such as O,
C, and N. This process allows these ions to capture one electron
and be left in an excited state. That state, in turn decays with the
emission of a low-energy (100 eV to 1 keV) X-ray. Observations of
such solar wind charge exchange (SWCX) X-rays have been made
in the past of the Earth's geocorona and Mars's extended
atmosphere. The award of almost 40 hours of Director's
Discretionary Time (DDT) for observing Pluto with the Chandra
X-ray observatory near the period of closest approach of New
Horizons to Pluto potentially enabled a remote determination of
Pluto's global outgassing rate using the local solar wind flux as
measured by the SWAP instrument. Preliminary anaysis of data
returned from these observations reveal a definite interaction of
Pluto with the solar wind, but at a lower strength than had been
predicted. This work was supported by NASA's New Horizons
project.

Author(s): Ralph L. McNutt3, Matthew E. Hill3, Carey M.
Lisse3, Peter Kollmann3, Fran Bagenal4, Stamatios M. Krimigis3,
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Institution(s): 1. Harvard-Smithsonian Center for Astrophysics,
2. Johns Hopkins University, 3. Johns Hopkins University Applied
Physics Laboratory, 4. Laboratory for Atmospheric and Space
Physics, University of Colorado, 5. NASA Ames Research Center, 6.
Southwest Research Institute, 7. Southwest Research Institute,
Boulder

105.10 — First Results on Pluto's Energetic Particle
Environment from the PEPSSI Instrument

The New Horizons spacecraft flew by Pluto in July 2015 and passed
through the wakes of Pluto and its largest moon Charon. Pluto
interacts with the solar wind via the magnetic fields created by
currents in its ionosphere and the pick-up of charge-exchange ions
escaping from its atmosphere. The PEPSSI instrument (Pluto
Energetic Particle Spectrometer Science Investigation) passed
through this interaction region. Closest approach distance to Pluto



was 11 Pluto radii, inside the orbit of Charon. PEPSSI measures
intensities of keV to MeV ions and can distinguish ions in the solar
wind from ions originating from Pluto. Pluto’s energetic particle
environment clearly stands out compared to the surrounding solar
wind at these heliospheric distances. Electrons in the same energy
range as the ions do not show a distinct signature throughout the
flyby. There is no indication in the particle observations for an
intrinsic magnetic field of Pluto. We will present an analysis of the
data that is downlinked throughout August and set them into
context with measurements taken by PEPSSI in Jupiter’s
magnetotail in 2007. This work was supported by NASA's New
Horizons project.
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105.11 — Photochemistry, Ion Chemistry, and Haze
Formation in Pluto’s Atmosphere

The detection of ethylene (CoHy) and acetylene (CoHs) in Pluto’s
atmosphere provides important ground-truth observations for
validating photochemical models of Pluto’s atmosphere. Their
detection also confirms the production of precursor chemical
compounds involved in the formation of tholins, which are thought
to give Pluto’s surface its reddish color. Photochemical models
predict many other hydrocarbon and nitrile products, currently
undetected, which may also be participants in tholin production on
Pluto’s surface or on atmospheric haze particles. The observed
atmospheric haze layer extending to altitudes of ~140 km above
Pluto’s surface, suggests a global and very robust process of
atmospheric particle nucleation, growth, and sedimentation onto
Pluto’s surface. The high altitude extent of the haze layer suggests
that the nucleation process begins above the expected altitude
range where hydrocarbons become supersaturated (below ~30 km
altitude). This situation may be analogous to that in Titan’s
atmosphere, wherein nucleation and aerosol growth is directly
related to large negative ion production. In the case of Pluto, this
means that nucleation may occur at altitudes as high as 1200 km
altitude where ionization in Pluto’s atmosphere peaks. In this
paper we discuss these processes and their implications for haze
formation in Pluto’s atmosphere and its deposition onto Pluto’s
surface. This work was supported by NASA's New Horizons project.
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105.12 — A 3D Global climate model of the Pluto
atmosphere to interpret New Horizons observations,
including the N2, CH4 and CO cycles and the
formation of organic hazes

To interpret New Horizons observations and simulate the Pluto
climate system, we have developed a Global Climate Model (GCM)
of Pluto's atmosphere. In addition to a 3D "dynamical core" which
solves the equations of meteorology, the model takes into account
the N5 condensation and sublimation and its thermal and
dynamical effects, the vertical turbulent mixing, the radiative
transfer through methane and carbon monoxide, molecular
thermal conduction, and a detailed surface thermal model with
different thermal inertia for various timescales (diurnal, seasonal).
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The GCM also includes a detailed model of the CH 4 and CO cycles,
taking into account their transport by the atmospheric circulation
and turbulence, as well as their condensation and sublimation on
the surface and in the atmosphere, possibly forming methane ice
clouds. The GCM consistently predicts the 3D methane abundance
in the atmosphere, which is used as an input for our radiative
transfer calculation.

Because of the radiative timescales, the surface thermal inertia and
the slow evolution of the methane cycle, the model takes more
than 20 years to become insensitive to the assumed atmospheric
initial states. We typically start our simulations in 1975 to simulate
2015, but remain sensitive to the assumed initial ices distribution
and seasonal thermal inertia map. The simulated thermal structure
and waves can be compared to the New Horizons occultations
measurements. As observed, the longitudinal variability is very
limited, for fundamental reasons.

In addition, we have developed a 3D model of the formation of
organic hazes within the GCM. It includes the different steps of
aerosols formation as understood on Titan: photolysis of CHy4 in
the upper atmosphere by the Lyman-alpha radiation, production of
various gaseous precursor species, conversion into solid particles
through chemistry and aggregation processes, and gravitational
sedimentation. Significant amount of haze particles are found to be
present at all latitudes up to 100 km. However, if N5 ice is already
condensing in the polar night, most of the haze tend to accumulate
in the winter/fall hemisphere because of the transport of the haze
precursors and aerosols by the condensation flow.

Author(s): Francois Forgetl, Tanguy Bertrandl, Melanie
Vangvichithl, Jeremy Lecontel
Institution(s): 1. LMD, IPSL, CNRS, Université P. et M. Curie

106 — The Asteroid Composition Channel:
From Soft Rock to Heavy Metal

106.01 — NIR spectral and mineralogic studies of nine
Vp-type asteroids: 7 likely Vestoids and 2 likely new
outer belt basaltic asteroid candidates

Nine additional Vp-type asteroids as candidate basaltic asteroids
were observed at the NASA Infrared Telescope Facility (IRTF) from
January 15-19, 2015 UT, as part of a continuing NASA Planetary
Astronomy Program grant to better characterize the abundance and
distribution of basaltic asteroids in the main asteroid belt. The
Vp-type asteroids, which are classified based on Sloan ugriz colors
and the subsequent coarse visible-wavelength spectra that results,
includes: (2168) Swope, (3715) Stohl, (3849) Incidentia, (5754)
1999 FR2, (10666) Feldberg, (19165) 1991 CD, (34698) 2001 OD22,
and (36118) 1999 RE135. The first seven of these Vp-type asteroids
either reside near (4) Vesta dynamical space or are located within
the 3:1 mean-motion resonance. The latter two Vp-type asteroids
are located beyond the 3:1 mean-motion resonance. NIR spectra
were obtained using SpeX in prism mode (0.7 to 2.5 microns) at the
parallactic angle using the 0.8 arsec slit. Seven of the Vp-type
asteroids were observed on two nights while (2168) Swope was
observed on three nights and (19165) 1991 CD was observed on a
single night. Average near-infrared (NIR) reflectance spectra of the
asteroids were analyzed using MATLAB-based (Reddy et al., 2011)
and IDL-based SARA (Lindsay et al., 2013) routines to isolate
absorption features and measure band centers, band areas, and
band depths. Temperature corrections were applied to band centers
to allow comparison with HED meteorite band parameters. Initial
results indicate that all nine asteroids exhibit similar spectral band
centers and Band Area Ratios (BAR) across different nights with
little or no significant variation. The MATLAB and SARA analysis
routines also produce similar results for all nine asteroids. All nine
asteroids exhibit BAR values consistent with basaltic achondrites or
exhibit larger values beyond the BAR zone as found in Gaffey et al.
(1993). WISE-derived albedos for these asteroids range from
24-50%. Initial analysis indicates that the seven inner-belt Vp-type
asteroids are likely Vestoids and are associated with (4) Vesta while
(34698) and (36118) are new candidates for outer-belt basaltic
asteroids.
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106.02 — Are near-Earth Vestoids volatile-rich
asteroids?

Asteroids that are linked to carbonaceous chondrite meteorites
exhibit an absorption feature at ~3 pm, which is generally
attributed to hydroxyl- and/or water-bearing materials. However,
relatively weaker 3-um features have been detected on some bodies
that are not linked to carbonaceous chondrites. For these bodies,
the 3-um feature could be due to surficial OH implanted from solar
wind or from emplacement of exogenically sourced carbonaceous
(low albedo) material. Such emplacement has been seen on
asteroid (4) Vesta, which was visited by NASA’s Dawn spacecraft.
Carbonaceous chondrite impactors have been suggested as the
source of the exogenic low-albedo material on Vesta and the source
of the event that created the older Veneneia basin on Vesta’s south
pole. If the low-albedo material delivered to Vesta during the
Veneneia-forming event were mixed with howarditic material to
form Vestoids, some of which were later transported to Earth-
crossing orbits, we would expect to detect this carbonaceous
material on these near-Earth Vestoids. HED meteorites also show
carbonaceous chondrite clasts. To test this hypothesis, we have
observed Vestoids in the 3-um region using the long-wavelength
cross-dispersed (LXD: 1.9—4.2-um) mode of the SpeX
spectrograph/imager at the NASA Infrared Telescope Facility
(IRTF). Here we present high-quality 3-pum spectra of two
Near-Earth Vestoids: (357439) 2004 BL8g, which was observed
during close flyby of Earth January 2015, and (4055) Magellan,
which was observed in August 2015. This work has implications for
both the understanding of the origin of Vestoids and the
characterization of the 3-um region in spectra of near-Earth
asteroids.

This research is supported by the USGS Shoemaker Fellowship and
NASA'’s Near-Earth Object Observations Program. Parts of this
research work was supported by the NASA Near-Earth Object
Observations Program grant NNX14AL0o6G (P1:Reddy). NASA
IRTF is operated by the University of Hawaii under Cooperative
Agreement No. NCC 5-538 with NASA Office of Space Science,
Planetary Astronomy Program.
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106.03 — Early Evolution of the Main Belt Informed by
the Compositional Diversity of Basaltic Asteroids

We present near-infrared (0.78-2.45 micron) reflectance spectra
for eight outer main belt (a > 2.5 AU) asteroids that have been
taxonomically classified as V-types based on visible wavelength
data. Three of these objects are spectrally distinct from all
classifications in the Bus-DeMeo spectral catalogue, and thus could
represent either spectral end members of the V-type taxonomic
class or a small population of a new spectral type. The remainder of
the sample are classified as V- or R-type. All of these asteroids are
dynamically distinct from the Vestoid family, implying that they
originated from differentiated planetesimals which have since been
destroyed or ejected from the solar system. The 1- and 2-pm band
centers of all objects, determined using Modified Gaussian Model
fits, were compared to those of 47 Vestoids and fifteen HED
meteorites of known composition. Formulas relating Band 1 and
Band 2 centers to the pyroxene mineralogies of these asteroids
were derived from the sample of HED meteorites and used to
determine the Fs numbers of all asteroids. The Fs numbers of the
five outer belt V- and R-type asteroids are, on average, between five
and ten molar percent lower than those of the Vestoids, implying
that these objects formed in a more reducing environment than
Vesta. Given the complex evolution of oxygen fugacity in the solar
nebula, these compositional results suggest that these outer belt
basaltic asteroids formed either interior to Vesta and were later
scattered to the outer belt or formed at a later epoch than Vesta.
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106.04 — Finding metal-rich asteroids — a
NEOShield-2 Study

The 1.2 km diameter Barringer Crater in Arizona was produced by
an impact of a metallic asteroid, whereas the impact of a similar
sized stony asteroid in 1908 over Tunguska, Russia, resulted in a
large airburst but no crater.

Studies of the metal content of asteroids are relevant not only to
estimations of their potential to wreak devastation on impacting
the Earth, but also for theories of their origins and nature, and
possibly in the future for endeavors in the field of planetary
resources.

However the reflection spectra of metallic asteroids are largely
featureless, which makes it difficult to identify them and relatively
few are therefore known. With reference to radar albedos and
taxonomic classifications, we showed (Harris and Drube, 2014)
that data from the WISE/NEOWISE thermal-infrared survey
(Wright et al. 2010; Mainzer et al. 2011a) fitted with a simple
thermal model (NEATM; Harris 1998), can reveal asteroids likely
to be metal rich, based on the NEATM fitting parameter, n, which
carries information on thermal inertia.

To further explore the dependence of j and thermal inertia on
taxonomic type, we are continuing analyses of WISE/NEOWISE
data and expanding them to include IRAS data (Tedesco et al.,
2002). We are calculating the angle between the spin vector and
the solar direction, 0, for different sightings of asteroids having
known spin vectors. The n values of objects with high thermal
inertia and moderate to high spin rates should depend strongly on
0, whereas those with low thermal inertia and/or low spin rates
should not. We will present the latest results of our work and
provide a demonstration of its potential.
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106.05 — Near Earth Asteroid (4015) Wilson-
Harrington: a Possible Source of Meteorites from the
Polana or the Themis Family

Near-Earth asteroid (4015) Wilson-Harrington is particularly
interesting for a number of reasons. It has displayed cometary
activity, hence its designation as comet 107P, and since Wilson-
Harrington likely originated in the main asteroid belt (Bottke at al.
2002a), it could also be called a Main-belt Comet. This object has
been linked to fireballs capable of producing recoverable meteorites
(Campins and Swindle 1998), and it is a potential target of
spacecraft missions. We have carried out spectroscopic and
dynamical studies of Wilson-Harrington and we narrow its likely
origin to either the Polana or the Themis asteroid families. We
present new visible and near-infrared spectra of Wilson-
Harrington that show significant similarities with members of the
Themis and Polana families. These spectral parallels are consistent
with dynamical arguments that connect the current orbit of
Wilson-Harrington with each of these two families. However, it is
not clear at this time which of the families is the more likely origin
for Wilson-Harrington. Our work also has implications on sources
of primitive meteorites.



Author(s): Humberto Campins4, Javier Licandro2, Julia de
Leb6n2, Noemi Pinilla-Alonso5, Vania Lorenzil, Victor Ali-Lagoa3,
Alessandro Morbidelli3

Institution(s): 1. Fundacion Galileo Galilei — INAF, 2. Instituto
de Astrofisica de Canarias — IAC, 3. Laboratoire Lagrange,
Observatoire de la Cote d’Azur, 4. Univ. of Central Florida, 5.
University of Tennessee

106.06 — 3-um spectroscopy of Near-Earth Asteroids:
Searching for OH/H50 on small planetary bodies

Near-Earth asteroids (NEAs) are not expected to have OH and/or
H»O ice on their surfaces because; a) most accreted dry in the
inner Solar System and therefore never contained hydrated
materials, and b) their relatively high surface temperatures should
quickly drive OH/H5O off their surface. However, OH/H50 has
been detected on other anhydrous inner solar system objects,
including the Moon and Vesta. Possible mechanisms to explain
OH/H5O0 on surfaces in the inner Solar System include production
via solar wind interactions, carbonaceous chondrite or cometary
impact delivery, or native OH/H 50 molecules bound to
phyllosilicates. As these processes are active in near-Earth space,
we hypothesize that detectable levels of OH/H5O are present on
NEAs.

The OH/H 5O feature can be comprised of an OH absorption
feature centered near 2.7 um and H5O features near 2.9 and 3.1
um, or a blend of both, producing a relatively wide feature
spanning 2.7 — 3.1 um. Analysis of the shape of the 3-um feature,
coupled with the observed NEA orbital parameters and albedos,
can help distinguish between the possible sources of OH/H5O.
Here we present results of an ongoing observational program to
measure spectra of NEAs in the 3-um region. We are using the
SpeX instrument on NASA’s IRTF to measure spectra from ~2 to
4.2 um. So far, we have 12 observations of 8 NEAs. Of these
objects, three exhibit a 3-um feature: both of our observations of
(443) Eros, three observations of (1036) Ganymed, and (3122)
Florence exhibit. The NEAs (54789) 2001 MZ7, (96590) 1998 XB,
(285944) 2001 RZ11, (214088) 2004 JN13, (357439) 2004 BL86
do not exhibit a feature. Rivkin et al. (2013; LPSC) has also
reported detections of the 3-um feature on Ganymed and Eros with
data taken in the same year as ours (2012). Band shape, albedo,
and orbital analysis of the NEAs exhibiting the 3-um feature
indicate that the primary production mechanism of OH/H50 on
Eros and Ganymed is solar wind interactions. For Florence, on the
other hand, it appears that in-fall of carbonaceous material might
be the primary mechanism. We will discuss the implications of
these results for potential sources of OH/H50 on the surfaces of
NEAs in general, and prospects for future observations.
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106.07 — Euphrosyne As An NEO Source: Spectral
Properties and Inferences from Meteorites

The Euphrosyne family is interpreted as ejecta from an impact into
31 Euphrosyne, a large C-class asteroid in the outer part of the
main belt. Recent work by Masiero et al. suggests that Euphrosyne
family members may preferentially find their way into the NEO
population, and presumably from there into the meteorite
collections of the world.

Interestingly, observations of Euphrosyne in the 3-um spectral
region by Takir et al. and Rivkin et al. show it to have a rounded
band shape and a band center near 3.1 pum. Such a band shape has
never been seen in any meteorite spectra collected to date, but
these characteristics are reminiscent of 24 Themis and 65 Cybele,
whose spectra have been interpreted as having bands due to ice
frost and organic materials. The spectra of Euphrosyne family
objects, and those NEOs thought to have originated in that family,
therefore may show how icy objects evolve as they move from the
asteroid belt to orbits near 1 AU and how they may (or may not) be
represented in the meteorite record. Alternately, they may give rise
to new interpretations of the absorptions that have not yet been
considered.
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We will discuss the combined implications of Euphrosyne’s
spectrum and family dynamics, and the opportunities for better
understanding the nature of outer belt asteroids that observations
of the Euphrosyne family provide.

Author(s): Andrew S. Rivkinl, Lucy F. Lim2, Joshua P.
Emery3
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Tennessee

106.08 — SOFIA observations of dark asteroids:
Evidence for hydrated minerals on asteroidal
surfaces?

We present results from recent SOFIA+FORCAST observations of
three primitive asteroids and compare these to archived Spitzer
Space Telescope (Spitzer) observations of similar objects. Three
asteroids from a total of 12 have been observed with
SOFIA+FORCAST in our Cycle-3 campaign. Currently, we have
observed asteroids 38 Leda, 194 Prokne with both G111 and G227
grisms and asteroid 266 Aline with G227. Both wavelength regions
(G111: 8.5-13.5-um and G227: 17.6-27.7) have recently been shown
to contain spectral features directly related degree of alteration of
primitive meteorites, including unaltered CO and CV meteorites
(McAdam, et al., 2015a ,b). Spectral features in the 17.6-27.7-um
region can be indicative of olivine (19.5-um), hydrated minerals
(21-um) and silica glass (22-um). Spitzer observed eight large,
primitive, main-belt asteroids using both low-resolution modes
(short-low, SL and long-low, LL) of the Infrared Spectrograph
(IRS) covering 8.5-38-um. Additionally, Spitzer observed 22 dark
primitive asteroids in the 8.5-13.5-pum region. Asteroids observed
with Spitzer fall into three categories: asteroids with a 12-um
feature of 1-5% depth, interpreted as ~60-70% hydrated minerals
(McAdam, et al., 2015a); asteroids with a broader 12-13-um feature
with strengths ranging from 4-6% with potential features between
19-22-um (where observed) and asteroids with a strong 13-um
feature (5-10%), 15-um and potentially 19-22-um features (where
observed) interpreted as olivine-rich. However, the uncertain
calibration at the edges of the LL spectral orders complicates
feature identification. 194 Prokne has a feature ~12-13-um feature
and potentially a broad feature between 20-22-pm. This is
consistent with primitive asteroids observed with Spitzer that are
interpreted as hydrated mineral-bearing. 38 Leda is largely
featureless at the noise limit of the spectrum with a potential
feature at 25-um, unlike asteroids observed by Spitzer. 266 Aline
has a weak feature at 22.5-um and is potentially similar to those
asteroids observed with both modes that are hydrated-mineral
bearing.

McAdam et al., (2015a) Icarus, 245, 320-332.

McAdam et al., (2015b) LPSC abstract # 2540.
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106.09 — PRIMitive Asteroids Spectroscopic Survey —
PRIMASS: First Results

NASA OSIRIS-REx and JAXA Hayabusa 2 sample-return missions
have targeted two near-Earth asteroids: (101955) Bennu and
(162173) 1999 JU3, respectively. These are primitive asteroids that
are believed to originate in the inner belt, where five distinct
sources have been identified: four primitive collisional families
(Polana, Erigone, Sulamitis, and Clarissa), and a population of
low-albedo and low-inclination background asteroids. Identifying
and characterizing the populations from which these two NEAs
might originate will enchance the science return of the two
missions.

With this main objective in mind, we initiated in 2010 a
spectroscopic survey in the visible and the near-infrared to
characterize the primitive collisional families in the inner belt and
the low-albedo background population. This is the PRIMitive
Asteroids Spectroscopic Survey — PRIMASS. So far we have
obtained more than 200 spectra using telescopes located at
different observatories. PRIMASS uses a variety of ground based
facilities. Most of the spectra have been obtained using the 10.4m



Gran Telescopio Canarias (GTC), and the 3.6m Telescopio
Nazionale Galileo (TNG), both located at the El Roque de los
Muchachos Observatory (La Palma, Spain), and the 3.0m NASA
Infrared Telescope Facility on Mauna Kea (Hawai, USA).

We present the first results from our on-going survey (de Leon et
al. 2015; Pinilla-Alonso et al. 2015; Morate et al. 2015), focused on
the Polana and the Erigone primitive families, with visible and
near-infrared spectra of more than 200 objects, most of them with
no previous spectroscopic data. Our survey is already the largest
database of primitive asteroids spectra, and we keep obtaining data
on the Sulamitis and the Clarissa families, as well as on the
background low-albedo population.
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106.10 — 5 — 14 pm Spitzer spectra of primitive
asteroid families

Compositional studies of primitive asteroid families provide
constraints on the physical and chemical environment of the solar
nebula and the evolution of the asteroid belt. Spectroscopic studies
in the visible and near-infrared have shown spectral diversity
between primitive families. Our goal is to better constrain the
composition of two primitive families with very different ages:
Themis (~2.5 Gyr) and Veritas (~8 Myr). We analyzed 5 — 14 um
Spitzer Space Telescope spectra of a total of 18 asteroids, nine from
each family. We report the presence of a broad 10-pm emission
feature, attributed to a layer of fine-grained silicates, in the spectra
of all nine Themis asteroids and six of nine Veritas asteroids in our
sample. Spectral contrast in statistically significant detections of the
10-pm feature ranges from 1% + 0.1% to 8.5% + 0.9%. Comparison
with the spectra of primitive meteorites (McAdam et al. 2015,
Icarus, 245, 320) suggests asteroids in both families are similar to
meteorites with lower abundances of phyllosilicates. We used the
Near-Earth Asteroid Thermal Model to derive diameters, beaming
parameters and albedos for our sample. Asteroids in both families
have beaming parameters near unity and geometric albedos in the
range 0.06 + 0.01 to 0.14 + 0.02. We find that contrast of the
silicate emission feature is not correlated with asteroid diameter;
however, higher 10-um contrast may be associated with flatter
spectral slopes in the near-infrared. The spectra of both families
suggest icy bodies with some amount of fine-grained silicates, but
with coarser grains or denser surface structure than Trojan
asteroids and comets.
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106.11 — Compositional study of the Themis family

Themis is an outer main-belt family comprising more than 4,000
dynamically well-established members (Nesvorny 2012), mainly B-
and C-type asteroids (Florczak et al. 1999; Mothé-Diniz et al. 2005;
Ziffer et al. 2011). This family is rather unique for a number of
reasons:

- It is believed to be the only main-belt family formed from the
catastrophic disruption of a large (D>200 km) B-/C-type body
(Broz et al. 2013). As such, it offers a unique view on the internal
composition of a primitive asteroid.

- Elst-Pizarro, one of the family member, was one of the first main
belt comets to be discovered (Hsieh & Jewitt 2006).

- 24 Themis is the first main belt asteroid for which water ice was
detected at its surface (Campins et al. 2010; Rivkin & Emery 2010).
- The low density values recorded for two family members (<1.3
g/cm3 , Descamps et al. 2007; Marchis et al. 2008) likely imply
high fractions of ice(s) in the interior of these bodies.
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The last three features all point towards an ice-rich composition for
the Themis parent body while showing little compatibility with a
thermally metamorphosed body that has been heated throughout
at temperatures exceeding 300 K. The latter interpretation was
previously suggested on the basis of a similarity between the
near-infrared spectral properties of heated CI/CM chondrites and
those of the family members’ surfaces (Clark et al. 2010; Ziffer et
al. 2011). In brief, the Themis family members appear unsampled
by our meteorite collections. Recently, Vernazza et al. (2015)
instead proposed that Interplanetary Dust Particles (IDPs) may be
more appropriate extraterrestrial analogs for these objects’
surfaces.

In the light of Vernazza et al. (2015)’s recent work, we investigated
the surface mineralogy of a sample of Themis family members
using a combined dataset of spectra covering the visible (Bus &
Binzel 2002; Lazzaro et al. 2004), near-infrared (this work), and
mid-infrared (Licandro et al. 2012; Hargrove et al. 2015) spectral
ranges.

Assuming particle sizes (typically sub- to micrometer sizes) and
end-members composition similar to those found in chondritic
porous IDPs, we modeled the spectral properties of the Themis
family members. The results of this study will be presented in
details.
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106.12 — Interplanetary Dust Particles As Samples of
Icy Asteroids

Meteorites have long been considered as reflections of the
compositional diversity of main belt asteroids and consequently
they have been used to decipher their origin, formation, and
evolution. However, while some meteorites are known to sample
the surfaces of metallic, rocky and hydrated asteroids (about
one-third of the mass of the belt), the low-density icy asteroids (C-,
P-, and D-types), representing the rest of the main belt, appear to
be unsampled in our meteorite collections. Here we provide
conclusive evidence that the surface compositions of these icy
bodies are compatible with those of the most common
extraterrestrial materials (by mass), namely anhydrous
interplanetary dust particles (IDPs). Given that these particles are
quite different from known meteorites, it follows that the
composition of the asteroid belt consists largely of more friable
material not well represented by the cohesive meteorites in our
collections. In the light of our current understanding of the early
dynamical evolution of the solar system, meteorites likely sample
bodies formed in the inner region of the solar system (0.5—4 AU)
whereas chondritic porous IDPs sample bodies that formed in the
outer region (>5 AU).

Author(s): Pierre Vernazza5, Michael Marssetl, Pierre Beck4,
Richard Binzel6, Mirel Birlan3, Rosario Brunetto2, Francesca
DeMeo6, Zahia Djouadi2, Christophe Dumas?, Sihane Merouane$8,
Olivier Mousis5, Brigitte Zanda7
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107 — Mercury and the Moon

107.01 — Mercury’s exosphere: New detections,
discoveries, and insights

For over 16 Mercury years, the MESSENGER spacecraft orbited the
planet Mercury and conducted a variety of observations of the
exosphere. Part of the overall observing plan was a search for
exospheric species that are less abundant and/or more weakly
emitting than the more easily observed Na, Ca, and Mg. For most
of the orbital phase, this search has resulted in nothing more than



increasingly refined upper limits. However, in the last few Mercury
years, three species that had eluded this programmatic search were
observed. Emission from multiple lines of Ca+t was detected,
validating the observation of a single line of Ca*t during the third
MESSENGER Mercury flyby. Multiple lines of Al were also
detected, providing definitive evidence for a species that has been
suggested from ground-based observations. Finally, emission from
Mn has been discovered, adding another member to the pantheon
of exospheric species. All these detections were somewhat localized
about the planet and during the Mercury year. Equally interesting
as these observations is absence of detectable emission from other
species, such as O. We will report on both the detections and
non-detections, provide altitude profiles where possible, and
discuss the insights gained from these species in the context of the
overall exosphere. The NASA MESSENGER Participating Scientist
Program supported this work.

Author(s): Ronald J. Vervack, Jr.2, William E. McClintock5,
Rosemary M. Killen1, Aimee W. Merkel5, Matthew H. Burger3,
Menelaos Sarantos4, Timothy A. Cassidy5
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107.02 — A seasonal feature in Mercury’s exosphere
caused by meteoroids from comet Encke

The planet Mercury is enveloped in a tenuous atmosphere, the
result of a delicate balance between poorly understood sources and
sinks (Killen et al, 2007). Meteoroid impacts are a contributing
source process (eg Wurz et al, 2010), but their importance
compared to other production mechanisms is uncertain.

Killen and Hahn (2015) found that seasonal variations in
Mercury's calcium exosphere as observed by Mercury Atmospheric,
and Surface Composition Spectrometer (MASCS) onboard the
MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) spacecraft (Burger et al, 2014) may be
attributed to impact vaporization of surface material by the infall of
interplanetary dust. However, an additional dust source was
required to explain a Ca excess at a True Anomaly Angle (TAA) of
25+5 deg. Killen and Hahn suggested that dust from comet
2P/Encke, crossing Mercury's orbital plane at TAA=45 deg, may be
the culprit.

We have simulated numerically the stream of meteoroids ejected
from Encke in order to identify those particles that impact Mercury
at the present epoch and test the Killen and Hahn conjecture. We
find that Encke particles evolving solely under the gravity of the
major planets and the Sun encounter Mercury at TAA=50-60 deg,
well after the peak of the Ca excess emission. This result is
independent of the time of ejection. However, the addition of
Poynting-Robertson (P-R) drag in our model couples the age and
size of the meteoroids to the TAA at encounter, causing smaller,
older particles to encounter Mercury progressively earlier in the
Hermean year. In particular, mm-sized grains ejected between 10
and 20 kyr ago impact on the nightside hemisphere of Mercury at
TAA = 350—-30 deg, near the observed peak time of the exospheric
feature.

During this presentation, we will describe our model results and
discuss their implications for the physical mechanism that injects
impact-liberated Ca into sunlight as well as the origin and evolution
of the Encke stream of meteoroids.

Astronomical Research at Armagh Observatory is funded by the
Northern Ireland Department of Culture, Arts and Leisure (DCAL).

Author(s): Apostolos Christoul, Rosemary M Killen3,
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107.03 — Solar Wind Charge Exchange X-ray emission
from Mercury’s exosphere: Detectability with Bepi
Colombo’s MIXS spectrometer

We have conducted preliminary hybrid simulations to calculate the
Solar Wind Charge Exchange (SWCX) X-ray emission in Mercury’s
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exosphere. Our results imply that the OVII triplet emission
intensity for standard slow solar wind conditions is of the same
order as the one predicted by simulations for Mars and measured
by Chandra in past observations of Mars. Using an oversimplified
detector and observation geometry we explore the detectability of
Mercury's SWCX emission by the MIXS spectrometer on board
Bepi Colombo’s planetary orbiter (MPO).

Author(s): Dimitra Koutroumpal, Konrad Dennerl2, Frangois
Leblancl, Ronan Modolo1
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107.04 — Mercury’s EUV Reflectance Spectrum From
Mariner 10 Revisited

Carbon, as graphite, has emerged from recent analyses of
MESSENGER spectrophotometry and theoretical modeling as a
possible source for the darkening component in the Low
Reflectance Material (LRM), pervasive across Mercury’s surface.
Murchie et al. (Icarus 254, 287, 2015) propose graphite, in
amounts consistent with results from MESSENGER’s elemental
experiments for the presence of C, as the most likely darkening
component in LRM. Vander Kaaden and McCubbin (JGR Planets
120, 195, 2015) report that graphite would be the only buoyant
phase in an early magma ocean, and any primary flotation crust
would have retained C in the form of graphite. Alternatively,
Gillis-Davis et al. (Abstract P1 1A-07, AGU, 2013) suggest that
nanophase and microphase iron, produced by impacts into
Mercury’s crust before and during the late heavy bombardment,
could darken the LRM. Carbon in the forms of graphite and
anthracite has distinctive far-UV spectral reflectance features. The
MESSENGER MASCS UVVS spectrometer does not extend to
wavelengths short enough to observe these features. The Mariner
10 EUV airglow spectrometer observed broad swaths of Mercury in
10 filters at wavelengths ranging from 3044 to 16574, each having
204 passbands. We now re-analyze these data in a search for this
distinctive UV signature of graphite across large areas of Mercury’s
surface, and will report on the results.

Author(s): Faith Vilas1, Amanda R. Hendrix1, Elizabeth A.
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Institution(s): 1. Planetary Science Institute

107.05 — Mercury’s gravity field, tidal Love number k2,
and spin axis orientation revealed with MESSENGER
radio tracking data

We are conducting an independent analysis of two-way Doppler
and two-way range radio tracking data from the MESSENGER
spacecraft in orbit around Mercury from 2011 to 2015. Our goals
are to estimate Mercury’s gravity field and to obtain independent
estimates of the tidal Love number k2 and spin axis orientation.
Our gravity field solution reproduces existing values with high
fidelity, and prospects for recovery of the other quantities are
excellent.

The tidal Love number k2 provides powerful constraints on interior
models of Mercury, including the mechanical properties of the
mantle and the possibility of a solid FeS layer at the top of the core.
Current gravity analyses cannot rule out a wide range of values
(k2=43-0.50) and a variety of plausible interior models. We are
seeking an independent estimate of tidal Love number k2 with
improved errors to further constrain these models.

Existing gravity-based solutions for Mercury's spin axis orientation
differ from those of Earth-based radar and topography-based
solutions. This difference may indicate an error in one of the
determinations, or a real difference between the orientations about
which the gravity field and the crust rotate, which can exist in a
variety of plausible configuration. Securing an independent
estimate of the spin axis orientation is vital because this quantity
has a profound impact on the determination of the moment of
inertia and interior models.

We have derived a spherical harmonic solution of the gravity field
to degree and order 40 as well as estimates of the tidal Love
number k2 and spin axis orientation
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107.06 — Perpetual long libration of terrestrial planets
in tidal resonances

On the example of Mercury, I show that firm planets of terrestrial
composition, locked in the 3:2 or higher spin-orbit resonances,
undergo long-period perpetual libration in longitude without any
influence of third bodies. This non-damped libration at the natural
frequency is driven by a secular tidal torque, which is increasing
with frequency within a narrow interval around the resonance. The
spectrum of regular forced, eccentricity-driven, libration defines
the conditions for the perpetual long libration. The possibility of
validating the tidal theory from the observable amplitude of
perpetual libration is discussed.

Author(s): Valeri Makarovl
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107.07 — The Lunar Profile and Baily's Beads at Solar
Eclipses

The lunar mapping from NASA's Lunar Reconaissance Orbiter and
JAXA's Kaguya has provided information that allows calculation of
the lunar limb profile whose low points at total solar eclipses
provides the Baily's Beads. Preparations for the forthcoming
August 21, 2017, total solar eclipse (lunar occultation) whose
totality crosses the continental United States from northwest to
southeast (http://eclipses.info for the International Astronomical
Union Working Group on Solar Eclipses) has led to new
calculations of the Baily's Beads and of comparisons of the totality
duration between predictions and observations for historical
events.

JMP's research on the annular and total solar eclipses of 2012 was
supported in part by the Solar—Terrestrial Program of the
Atmospheric and Geospace Sciences Division of the National
Science Foundation through grant AGS—1047726. His observations
of the 2013 and 2015 total solar eclipses were supported by grants
9327-13 and 9616-14, respectively, from the Committee for
Research and Exploration of the National Geographic Society, with
additional support from Williams College.
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107.08 — Transitional lava flows as potential
analogues for lunar impact melts

Lunar impact melt deposits are among the roughest surface
materials on the Moon at the decimeter scale, even though they
appear smooth at the meter scale. These characteristics distinguish
them from well-studied terrestrial analogues, such as Hawaiian
pahoehoe and ‘a‘a lava flows. The morphology of impact melt
deposits can be related to their emplacement conditions, so
understanding the origin of these unique surface properties will
inform us as to the circumstances under which they were formed.
Although there is no perfect archetype for lunar impact melts on
Earth, certain terrestrial environments lend themselves as
functional analogues. Specifically, a variety of transitional lava flow
types develop if the surface of a pahoehoe-like flow is disrupted,
producing ‘slabby’ or ‘rubbly’ flows that are extremely rough at the
decimeter scale. We investigated the surface roughness of
transitional lava flows at Craters of the Moon (COTM) National
Monument, comparing radar imagery and high-resolution
topographic profiles to similar data sets acquired by the Lunar
Reconnaissance Orbiter for impact melt deposits on the Moon.
Results suggest that the lava flows at COTM have similar radar
properties to lunar impact melt deposits, but the terrestrial flows
are considerably rougher at the meter scale. It may be that lunar
impact melts represent a unique lava type not observed on Earth,
whose surface texture is influenced by their high emplacement
temperatures and/or cooling in a vacuum. Information about the
surface properties of lunar impact melt deposits will be critical for
future landed missions that wish to sample these materials.
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107.09 — The Effect of Pre-Impact Porosity and
Vertical Density Gradients on the Gravity Signature of
Lunar Craters

As aresult of NASA’s dual spacecraft Gravity Recovery And Interior
Laboratory (GRAIL) mission [Zuber et al., 2013;
doi:10.1126/science.1231507], we now know that the lunar crust is
highly porous and that the porosity varies laterally [Wieczorek et
al., 2013; doi:10.1126/science.1231530] and vertically [Besserer et
al., 2014; doi:10.1002/2014GL060240]. Analysis of complex
craters located within the lunar highlands reveals that: 1) craters
larger than diameter D~210 have positive Bouguer Anomalies
(BAs), 2) craters with D s 100 km have both positive and negative
BAs that vary about the (near 0) mean by approximately + 25
mGal, and, 3) D and BA are anticorrelated for craters with D s 100
km [Soderblom et al., 2015; doi:10.1002/2015GL065022].
Numerical modeling by Milbury et al. [2015, LPSC] shows that
pre-impact porosity is the dominant influence on the gravity
signature of complex craters with D s 100 km, and mantle uplift
dominates the gravity for those with D > 140 km. Phillips et al.
[2015, LPSC] showed that complex craters located in the South
Pole-Aitken (SPA) basin tend to have more-negative BAs than
similar craters in the highlands. We use the iSALE hydrocode
including pore space compaction [Wiinnemann et al., 2006;
doi:10.1016/j.icarus.2005.10.013] and dilatant bulking [Collins,
2014; doi:10.1002/2014JE004708] to understand how the gravity
signature of impact craters develop. In this study we vary crustal
porosity with depth. We find that simulations that have constant
porosity with depth have a lower BA for a given crater diameter
than those with the same mean porosity, but that vary with depth.
We used two different mean porosities (7% and 14%) and found
that the BA increases with increasing porosity, similar to
simulations with constant porosity. We reproduce the observed
anticorrelation between BA and D for D s 100 km only for
simulations where the pre-impact porosity is zero or low. Our
results support the observation that SPA has lower overall porosity,
but higher vertical gradients, giving craters within SPA
more-negative BAs than those within the highlands crust. These
simulations demonstrate that the BA and porosities reported here
are valid for determining general trends only.
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107.10 — Simulated Water Delivery to Lunar
Permanently Shadowed Regions

A set of Monte Carlo simulations was run to examine water
diffusion across the lunar surface and specifically to the
Permanently Shadowed Regions (PSRs). This work extends the
results of Schorghofer (2014) to latitudes above 5° from the pole
and to specific PSRs and is accomplished using a separately derived
model to independently test Schorghofer’s (2014) results. The
model was validated using the results of Schorghofer (2014) at the
50 latitude line, replicating all of the behaviors of that model, but
with slightly different values for the total number of tracer particles
arriving and their fractionation.

25 times fewer particles were able to survive to arrive within 1° of
the pole, as compared to those that were able to arrive within 5° of
the pole. For the PSRs themselves, 1.87% of particles were
eventually sequestered within the PSRs by the end of our
simulations. Examining the amount of water which could be
transported over geological time reveals that sufficient water moves



via migration to (1) supply the hydrogen signals observed by LEND,
(Mitrofanov et al., 2012), (2) the frost at Haworth Crater
(Gladstone et al., 2012) as well as to explain (3) the high level of
water seen in the soils of Cabeus Crater in the LCROSS experiment
(Colaprete et al., 2010) without the need to invoke another water
supply mechanism.

In all cases, the average time required for migration was small with
average arrival times of less than a lunar day following an impact.
Substantial differences were observed in the amount of water
accreted by the different PSRs with Cabeus Crater accreting by far
the most water per square meter. Faustini and the Haworth
Lowlands have the next highest delivery, receiving ~60% each as
much water as Cabeus per square meter. Shackleton has the lowest
water delivery, receiving only ~5% as much water per square meter
as Cabeus. The simulated results show a clear latitudinal trend with
more water emplaced at lower latitudes. Yet, the data show very
little difference between the PSRs in terms of the amount of
fractionation taking place and low levels of fractionation overall,
considering 100:1 distillation between the impactor and the PSRs.

Author(s): John Moores1
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107.11 — The Influence of Surface Roughness on
Volatile Transport on the Moon

The Moon and other virtually airless bodies provide distinctive
environments for the transport and sequestration of water and
other volatiles delivered to their surfaces by various sources. Here,
we conduct numerical simulations to investigate the delivery of
water to the Moon through comet impacts, focusing on the role of
small-scale topography (i.e. surface roughness unresolved by
orbital measurements) in the migration and cold-trapping of
impact-delivered water. The simulated comet impact generates a
transient, collisonally thick water vapor atmosphere that surrounds
the Moon for at least several lunar days. During this time, some
water is captured by permanently shadowed craters (cold traps)
near the lunar poles, where temperatures are sufficiently low that
volatiles can remain sequestered over geological time scales.
Surface temperature is a critical parameter that determines the
residence time of a migrating water molecule on the lunar surface,
thereby affecting the rapidity of volatile transport though pressure-
driven winds, the susceptibility of migrating molecules to photo-
destruction, and the large-scale structure of the impact-generated
atmosphere - all of which ultimately affect the rate and magnitude
of cold-trapping. The roughness of the lunar surface at small
scales, the insulating nature of the lunar regolith and the absence
of strong convective heat transport lead to sharp surface
temperature gradients: surfaces separated by only a few
millimeters can have dramatically different temperatures.
Significantly, small-scale roughness gives rise to cold temporary
and permanent shadows that may affect the rate at which water
migrates to permanent cold traps near the lunar poles and to the
temporary shelter of the cold lunar night side. Here, we develop a
surface roughness/temperature model, consistent with observed
bolometric brightness temperature at larger scales, suitable for
simulations of volatile transport on a global scale. We will present a
comparison of results from impact-generated atmosphere
simulations with and without the surface roughness model in order
to understand how small-scale roughness influences transient
deposition patterns and the rate and magnitude of cold trap
capture.

Author(s): Parvathy Prem2, Natalia A. Artemieval, David B.
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107.12 — LRO-LAMP Observations of Lunar Exospheric
Helium

We present results from Lunar Reconnaissance Orbiter’s (LRO)
UV spectrograph LAMP (Lyman-Alpha Mapping Project) campaign
to study the lunar atmosphere. Two kinds of off-nadir maneuvers
(lateral rolls and pitches towards and opposite the direction of
motion of LRO) were performed to search for resonantly scattering
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species, increasing the illuminated line-of-sight (and hence the
signal from atoms resonantly scattering the solar photons)
compared to previously reported LAMP “twilight observations”
[Cook & Stern, 2014]. Helium was the only element
distinguishable on a daily basis, and we present latitudinal profiles
of its line-of-sight column density in December 2013. We
compared the helium line-of-sight column densities with solar
wind alpha particle fluxes measured from the ARTEMIS
(Acceleration, Reconnection, Turbulence, & Electrodynamics of
Moon’s Interaction with the Sun) twin spacecraft. Our data show a
correlation with the solar wind alpha particle flux, confirming that
the solar wind is the main source of the lunar helium, but not with
a 1:1 relationship. Assuming that the lunar soil is saturated with
helium atoms, our results suggest that not all of the incident alpha
particles are converted to thermalized helium, allowing for a
non-negligible fraction (~50 %) to escape as suprathermal helium
or simply backscattered from the lunar surface. We also support
the finding by Benna et al. [2015] and Hurley et al. [2015], that a
non-zero contribution from endogenic helium, coming from
radioactive decay of 232Th and 238U within the mantle, is present,
and is estimated to be (4.5+1.2) x 106 He atoms cm-2 s-1. Finally,
we compare LAMP-derived helium surface density with the one
recorded by the mass spectrometer LACE (Lunar Atmospheric
Composition Experiment) deployed on the lunar surface during the
Apollo 17 mission, finding good agreement between the two
measurements. These LRO off-nadir maneuvers allow LAMP to
provide unique coverage of local solar time and latitude of the lunar
exospheric helium, allowing for a better understanding of the
temporal and spatial structure of the lunar exosphere.
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200 — Pluto System IV--Saving the Best for
Last

200.01 — Configuration of Pluto's Volatile Ices

We report on near-infrared remote sensing by New Horizons'
Ralph instrument (Reuter et al. 2008, Space Sci. Rev. 140,
129-154) of Pluto's No, CO, and CHy ices. These especially volatile
ices are mobile even at Pluto's cryogenic surface temperatures.
Sunlight reflected from these ices becomes imprinted with their
characteristic spectral absorption bands. The detailed appearance
of these absorption features depends on many aspects of local
composition, thermodynamic state, and texture. Multiple-
scattering radiative transfer models are used to retrieve
quantitative information about these properties and to map how
they vary across Pluto's surface. Using parameter maps derived
from New Horizons observations, we investigate the striking
regional differences in the abundances and scattering properties of
Pluto's volatile ices. Comparing these spatial patterns with the
underlying geology provides valuable constraints on processes
actively modifying the planet's surface, over a variety of spatial
scales ranging from global latitudinal patterns to more regional and
local processes within and around the feature informally known as
Sputnik Planum. This work was supported by the NASA New
Horizons Project.



Author(s): William M. Grundy2, R P Binzel3, J C Cook6, D P
Cruikshank4, C M Dalle Ore4, AM Earle3, K Ennico4, D E
Jennings5, C J.A. Howett6, I R Linscott8, A W Lunsford5, C B
Olkin6, A H Parker®, J Wm Parker6, S Protopapa9, D C Reuter5, K
N Singer6, J R Spencer9, S A Stern6, C C.C. Tsangb, A J
Verbiscerl0, H A Weaverl, L A Young6, K Berryll, M W Buie6, J A
Stansberry7

Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. Lowell Obs., 3. Massachusetts Institute of
Technology, 4. NASA Ames Research Center, 5. NASA Goddard
Space Flight Center, 6. Southwest Research Institute, 7. Space
Telescope Science Institute, 8. Stanford University, 9. University of
Maryland, 10. University of Virginia, 11. USGS Astrogeology

200.02 — The Search for Pluto Water

On July 14, 2015, the New Horizons spacecraft made its closest
approach to Pluto at about ~12,000 km from Pluto's surface. The
LEISA (Linear Etalon Imaging Spectral Array) component of the
Ralph instrument (Reuter, D.C., Stern, S.A., Scherrer, J., et al.
2008, Space Sci. Rev. 140, 129) obtained spatially resolved near
infrared spectra at scales as small as 3 km/pix. LEISA covers the
wavelength range 1.25 to 2.5 um at a spectral resolution (A/AA) of
240, and the 2.1 to 2.25 pm range at a resolution of 560. The
observations from this instrument are being used to map the
distribution of Pluto's known ices such as N, CHy4, CO and CoHg
as well as search for HoO-ice. To date, HoO-ice has evaded
detection from Earth bound observatories. Observations based on
LORRI, the LOng Range Reconnaissance Imager, suggest HoO-ice
is a major component of several mountain ranges around the
western perimeter of the landmass informally named Tombaugh
Regio. If true, HoO-ice may be found in small isolated regions
around Pluto. We will present our analysis of all LESIA data of
Pluto in hand to search for and understand the distribution of
HoO-ice. If found, we will also discuss limits on crystalline vs.
amorphous HoO-ice and temperature measurements based on the
1.65 um crystalline HoO-ice feature. This work was supported by
NASA's New Horizons project.
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200.03 — New Horizons data in the context of prior
observations

The New Horizons encounter data have revealed a diverse and
complicated surface and atmosphere for Pluto showing strong
correlations between geologic features and the albedo and
compositional units known from ground- and HST-based
observations over the decades prior. This presentation make
detailed comparisons between the long time base and low spatial
resolution data and the new high resolution stanpshot of Pluto
from the flyby. Special emphasis will be placed on the albedo
evolution over time with some attention paid to near-infrared
spectral signatures. We will compare the albedo maps from mutual
event data and two epochs of HST observations against the New
Horizons images, after correcting for viewing geometry. Also
included will be a discussion of the evolutionary trends in the
hemispherically averaged spectral properties from Lowell
Observatory and IRTF data against the resolved compositional and
spectral maps from New Horizons. The combination of these data
sets now permits an unprecedented ability to constrain
time-variability on the surface from apparent changes due to
viewing geometry and surface inhomogeneities. This work requires
areconcilliation of surface scattering properties that are enabled by
the firm determination of the size of Pluto and this will be
discussed as well. This work was supported by the NASA New
Horizons project.
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200.04 — Migration of Frosts from High-Albedo
Regions of Pluto: what New Horizons Reveals

With its high eccentricity and obliquity, Pluto should exhibit
seasonal volatile transport on its surface. Several lines of evidence
support this transport: doubling of Pluto’s atmospheric pressure
over the past two decades (Young et al., 2013, Ap. J. 766, L22;
Olkin et al., 2015, Icarus 246, 230); changes in its historical
rotational light curve, once all variations due to viewing geometry
have been modelled (Buratti et al., 2015; Ap. J. 804, L6); and
changes in HST albedo maps (Buie et al., 2010, Astron. J. 139,
1128). New Horizons LORRI images reveal that the region of
greatest albedo change is not the polar cap(s) of Pluto, but the
feature informally named Tombaugh Regio (TR). This feature has
anormal reflectance as high as ~0.8 in some places, and it is
superposed on older, lower-albedo pre-existing terrain with an
albedo of only ~0.10. This contrast is larger than any other body in
the Solar System, except for Iapetus. This albedo dichotomy leads
to a complicated system of cold-trapping and thermal segregation,
beyond the simple picture of seasonal volatile transport. Whatever
the origin of TR, it initially acted as a cold trap, as the temperature
differential between the high and low albedo regions could be
enormous, possibly approaching 20K, based on their albedo
differences and assuming their normalized phase curves are
similar. This latter assumption will be refined as the full New
Horizons data set is returned.

Over six decades of ground-based photometry suggest that TR has
been decreasing in albedo over the last 25 years. Possible causes
include changing insolation angles, or sublimation from the edges
where the high-albedo material impinges on a much warmer
substrate.

Funding by the NASA New Horizons Project acknowledged.
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200.05 — Correlating Pluto's Albedo Distribution to
Long Term Insolation Patterns

NASA's New Horizons' reconnaissance of the Pluto system has
revealed striking albedo contrasts from polar to equatorial latitudes
on Pluto, as well as sharp boundaries for longitudinal variations.
These contrasts suggest Pluto undergoes dynamic evolution that
drives the redistribution of volatiles. Using the New Horizons
results as a template, in this talk we will explore the volatile
migration process driven seasonally on Pluto considering multiple
timescales. These timescales include the current orbit (248 years)
as well as the timescales for obliquity precession (amplitude of 23
degrees over 3 Myrs) and regression of the orbital longitude of
perihelion (3.7 Myrs). We will build upon the long-term insolation
history model described by Earle and Binzel (2015, Icarus 250,
405-412) with the goal of identifying the most critical timescales
that drive the features observed in Pluto’s current post-perihelion
epoch. This work was supported by the NASA New Horizons
Project.
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200.06 — A Large Impact Origin for Sputnik Planum



and Surrounding Terrains, Pluto?

One of the most prominent features on Pluto discovered by New
Horizons is the oval-shaped bright deposit within western
Tombaugh Regio (all names used herein are informal). This
smooth bright deposit, provisionally identified with frozen nitrogen
and methane and informally referred to as Sputnik Planum, is
bounded on the northeast by an arcuate scarp (Cousteau Rupes).
The smooth bright material there embays what appears to be an
eroded plateau 1-2 km high. The arcuate scarp leads to speculation
that the deposits formed in an ancient impact basin, but detailed
mapping at 2 km pixel scales suggests that this large structure is
more complex than any simple impact basin. To the southwest are
a series of high peaks and massifs (also embayed by bright
material) but these broken massifs have a different morphology
from Cousteau Rupes, being both higher and more disrupted. The
southern section of this putative 800-km-wide circular structure is
completely missing as smooth material extends well to the south of
the nominal rim location. A possible analog occurs at the “other
End of the Solar System” on Mercury, in Caloris Basin. This
1400-km-wide impact basin is also irregular in shape, with large
deviations form circularity, and occasional large massifs along
some rim segments. Post-impact smooth plains embay the rim
scarp in some areas, though these are likely to be volcanic plains on
Mercury. The relief of the rim scarps to the NE and SW and
putative evidence for convection within Sputnik Planum suggests
that the floor of the deposits lies 1-3 km below the mean surface
(pending stereo mapping). This depth is consistent with the filling
of an ancient impact basin with ices, deposited either volcanically
or atmospherically, although other explanations are also possible.
This work was supported by NASA's New Horizons project.
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200.07 — The Icy Cold Heart of Pluto

The locations of large deposits of frozen volatiles on planetary
surfaces are largely coincident with areas receiving the minimum
annual influx of solar energy; familiar examples include the polar
caps of Earth and Mars. For planets tilted by more than 45 degrees,
however, the poles actually receive more energy than some other
latitudes. Pluto, with its current obliquity of 119 degrees, has
minima in its average annual insolation at +/- 277 degrees latitude,
with ~1.5% more energy flux going to the equator and ~15% more
to the poles. Remarkably, the fraction of annual solar energy
incident on different latitudes depends only on the obliquity of the
planet and not on any of its orbital parameters.

Over millions of years, Pluto's obliquity varies sinusoidally from
102-126 degrees, significantly affecting the latitudinal profile of
solar energy deposition. Roughly 1iMyr ago, the poles received 15%
more energy that today while the equator received 13% less. The
energy flux to latitudes between 25-35 degrees is far more stable,
remaining low over the presumably billions of years since Pluto
acquired its current spin properties. Like the poles at Earth, these
mid latitudes on Pluto should be favored for the long-term
deposition of volatile ices. This is, indeed, the location of the bright
icy heart of Pluto, Sputnik Planum.

Reflected light and emitted thermal radiation from Charon
increases annual insolation to one side of Pluto by of order 0.02%.
Although small, the bulk of the energy is delivered at night to
Pluto's cold equatorial regions. Furthermore, Charon's thermal
infrared radiation is easily absorbed by icy deposits on Pluto,
slowing deposition and facilitating sublimation of volatiles. We
argue that the slight but persistent preference for ices to form and
survive in the anti-Charon Pluto's heart.

Author(s): Douglas P. Hamilton1
Institution(s): 1. Univ. of Maryland

200.08 — Pluto and Charon Color Light Curves from
New Horizons on Approach
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On approach to the Pluto system, New Horizons’ Ralph
Instrument’s Multicolor Visible Imaging Camera (MVIC) observed
Pluto and Charon, spatially separated, between April 9 and June

23, 2015. In this period, Pluto and Charon were observed to
transition from unresolved objects to resolved and their integrated
disk intensities were measured in four MVIC filters: blue (400-550
nm), red (540-700 nm), near-infrared (780—975 nm), and
methane (860—910 nm). The measurement suite sampled the
bodies over all longitudes. We will present the color rotational light
curves for Pluto and Charon and compare them to previous (Buie,
M. et al. 2010 AJ 139, 1117; Buratti, B.J. et al 2015 ApJ 804, L6) and
concurrent ground-based BVR monitoring. We will also compare
these data to color images of the encounter hemisphere taken
during New Horizons’ July 14, 2015 Pluto and Charon flyby, as this
data set provides a unique bridge between Pluto & Charon as
viewed as astronomical targets versus the complex worlds that early
data from New Horizons has revealed them to be. This work was
supported by NASA’s New Horizons project.
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200.09D — Pluto's atmosphere from stellar
occultations in 2012 and 2013

We present results from two Pluto stellar occultations observed on
18 July 2012 and 04 May 2013, and monitored respectively from
five and six sites in South America. Both campaigns involved large
telescopes (including the 8.2-m VLT at ESO/Paranal). The high
SNR ratios and multi-chord coverage provide amoung the best
Pluto atmospheric profiles ever obtained from the ground.

We show that a spherically symmetric, clear (no-haze) and pure N2
atmosphere with a unique temperature profile satisfactorily fits the
twelve lightcurves provided by the two events. We find, however, a
small but significant increase of pressure of 6% (6-sigma level)
between the two dates, with values of 2.16 + 0.2 and 2.30 + 0.01
ubar at the reference radius 1275 km, respectively.

We provide atmospheric constrains between 1190 km and 1450 km
from Pluto's center, and we determine the temperature profile with
accuracy of a few km in vertical scale. Our model shows a
stratosphere with strong positive gradient between 1190 km (at 36
K, 11 pbar) and r =1215 km (6.0 pbar), where a temperature
maximum of 110 K is reached. Above it is a mesosphere with
negative thermal gradient of -0.2 K/km up to 1,390 km (0.25 pbar),
at which point, the mesosphere connects itself to a more
isothermal upper branch at 81 K. This profile provides (assuming
no troposphere) a Pluto surface radius of 1190 + 5 km, consistent
with preliminary values obtained by New Horizons. Currently
measured CO abundances are too low to explain the negative
mesospheric thermal gradient. We explore the possibility of an
HCN (recently detected by ALMA) cooling. This model, however,
requires largely supersaturated HCN. Zonal winds and vertical
compositional variations of the atmosphere are also unable to
explain the observed mesospheric trend.

These events are the last useful ground-based occultations
recorded before the 29 June 2015 occultation observed from
Australia and New Zealand, and before the NASA's New Horizons
flyby of July 2015. This work can serve as a benchmark in the New
Horizons context, enabling comparisons between ground-based
and space results concerning Pluto's atmospheric structure and
temporal evolution.
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201.01D — The effect of solar flares, coronal mass
ejections, and co-rotating interaction regions on the
Venusian 557.7 nm oxygen green line

The Venusian 557.7nm OI (1S - 1D) (oxygen green line) nightglow
emission is known to be highly temporally variable. The reason for
this variability is unknown. We propose that the emission is due to
electron precipitation from intense solar storms. For my
dissertation, I observed the Venusian green line after solar flares,
coronal mass ejections (CMEs), and co-rotating interaction regions
from December 2010 to April 2015 using the high resolution
Astrophysical Research Consortium Echelle Spectrograph on the
Apache Point Observatory 3.5-m telescope. Combining these
observation with all other published observations, we find that the
strongest detections occur after CME impacts and we conclude
electron precipitation is required to produce green line emission.
We do not detect emission from the 630.onm OI (1D - 3P) oxygen
red line for any observation.

In an effort to determine the emitting altitude, thereby
constraining the possible emission processes responsible for green
line emission, and quantify the electron energy and flux entering
the Venusian nightside, we conducted analyses of space-based
observations of the Venusian nightglow and ionosphere collected
by the Venus Express (VEX) spacecraft. We were unable to detect
the green line but confirmed that electron energy and flux
increases after CME impacts.

In order to determine the effect of storm condition electron
precipitation on the Venusian green line, we modeled the Venusian
ionosphere using the TRANSCAR model (a 1-D
magnetohydrodynamic ionospheric model that simulates auroral
emission from electron precipitation) by applying observed
electron energies and fluxes. We found that electron energy plays a
primary role in producing increased green line emission in the
Venusian ionosphere.

Based on observation and modeling results, we conclude that the
Venusian green line is an auroral-type emission that occurs after
solar storms with the largest intensities observed after CMEs.
Post-CME electron fluxes and energies are sufficient to produce
the observed green line intensity with the lack of red line emission.
We find that O + e is the greatest contributor to the OI (1S) state
and is responsible for the observed green line emission.
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201.02 — Variability of the Venus condensational
clouds from analysis of VIRTIS-M-IR observations of
the near-infrared spectral windows

The Medium Resolution, Infrared wavelength channel of the
Visible and Infrared Thermal Imaging Spectrometer
(VIRTIS-M-IR) on the Venus Express spacecraft observed the
atmosphere and surface of Venus for 921 orbits following orbit
insertion in April 2006 until the failure of the cooling unit in
October 2008. The clouds of Venus were long thought to be a
uniform sort of perpetual stratocumulus, but near infrared
observations by fly-by spacecraft such as Galileo (Near Infrared
Mapping Spectrometer) and Cassini (Visible and Infrared Mapping
Spectrometer), as well as ground-based observations, indicated a
great deal of temporal and spatial inhomogeneity. The nearly
three-year lifetime of the VIRTIS-M-IR instrument on Venus
Express presents an unprecedented opportunity to quantify these
spatial and temporal variations of the Venus clouds. Here, we
present the results of an initial quantification of the overall
tendencies of the Venus clouds, as measured by variations in the
near infrared spectral windows located between wavelengths of 1.0
um and 2.6 um. In a companion submission, we also investigate
the variations of carbon monoxide and other trace species
quantifiable in these data (Tsang and McGouldrick 2015). This
work is supported by the Planetary Mission Data Analysis Program,
Grant Number NNX14AP94G.
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201.03 — Thermal structure and minor species
distribution of Venus mesosphere by ALMA submm
observations

Venus upper atmosphere (70—150 km altitude) is a transition
region characterized by a complex dynamics: strong retrograde
zonal winds dominate the lower mesosphere while a solar-
to-antisolar circulation is observed in the upper mesosphere/lower
thermosphere. In addition, photochemical processes play an
important role at these altitudes and affect the thermal structure
and chemical stability of the entire atmosphere. Sulfur dioxide and
water vapor are key species in the photochemical cycles taking
place in the troposphere and mesosphere of Venus. They are
carried by convective transport, together with the Hadley
circulation, up to about 60 km where SOs is photodissociated and
oxydated, leading to the formation of H2SO4 which condenses in
the clouds enshrouding the planet. Previous observations obtained
by several instruments on board Venus Express and during
ground-based campaigns have shown evidence of strong temporal
variations, both on day-to-day as well as longer timescales, of
density, temperature and SOs abundance. Such strong variability is
still not well understood.

Submillimeter observations obtained with the Atacama Large
Millimeter Array (ALMA) offer the possibility of probing Venus
upper mesosphere and of monitoring minor species, winds and the
thermal structure. A first set of observations was obtained on
November 14, 15, 26 and 27, 2011 during the first ALMA Early
Science observation cycle. These observations targeted SO, SO,
HDO and CO transitions around 345 GHz during four sequences of
30 minutes each. The Venus’ disk was about 11” with an
illumination factor of 90%, so that mostly the dayside of the planet
was mapped.

Assuming nominal night-time and dayside CO abundance profiles
from Clancy et al. 2013, we retrieved vertical temperature profiles
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over the entire disk as a function of latitude and local time for the
four days of observation. Temperature profiles were later used to
derive the abundances of minor species (HDO, SO, SO5) in each
pixel of the disk in order to study their spatial and temporal
variability.

Author(s): Arianna Picciallil, Raphael Morenol, Therese
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Moullet2, Thomas Widemann1
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201.04 — Observations of Altitude Dependence and
Temporal Variation of C10 in the Venus Mesosphere

Analysis of the first observations of ClO in the Venus mesosphere
indicate ClO is present above 85 +/-3 km altitude and not below.
The retrieved nightside mean abundances show a factor of 2
decrease between observation dates Oct. 23 and Nov. 11, 2015, with
change between the two dates evident at more than two sigma
confidence. Abundances and altitude distributions are retrieved
from submm spectroscopic observations of the 352.88 GHz line of
35ClO (made with the James Clerk Maxwell Telescope - JCMT -
located an Mauna Kea, Hawaii).

Detection of ClO in the Venus atmosphere confirms a theory put
forward by Yung and DeMore (1982) that the Venus atmosphere is
stabilized as CO5 due to chlorine catalytic recombination of CO and
O. (Without some form of catalysis, the Venus atmosphere would
have 10s of percent CO and Oy, but it is in fact 97% CO5 and 3%
Ny, with only trace amounts of CO and O5.) Detailed retrieval of
ClO abundances and altitude distributions (the focus of this talk)
provides greater insight to the catalytic process, and to other
aspects of Venus atmospheric chlorine chemistry. We compare
findings of our quantitave retrieval with predictions of
photochemical models, and discuss the implications for chlorine
photochemisty of the Venus atmosphere. We also discuss retrieved
ClO temporal variation with that of upper mesospheric HCI
(Sandor and Clancy, 2012).

[We acknowledge funding of this project by NASA grants
NNX10AB33G, NNX12AI32G, and NNX14AK05G, as well as NSF
grant AST-1312985.]
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201.05 — A refined orbit for the satellite of asteroid
(107) Camilla

The satellite of the Cybele asteroid (107) Camilla was discovered in
March 2001 using the Hubble Space Telescope (Storrs et al., 2001,
TIAUC 7599). From a set of 23 positions derived from adaptive
optics observations obtained over three years with the ESO VLT,
Keck-II and Gemini-North telescopes, Marchis et al. (2008, Icarus
196) determined its orbit to be nearly circular.

In the new work reported here, we compiled, reduced, and analyzed
observations at 39 epochs (including the 23 positions previously
analyzed) by adding additional observations taken from data
archives: HST in 2001; Keck in 2002, 2003, and 2009; Gemini in
2010; and VLT in 2011. The present dataset hence contains twice as
many epochs as the prior analysis and covers a time span that is
three times longer (more than a decade).

We use our orbit determination algorithm Genoid (GENetic Orbit
IDentification), a genetic based algorithm that relies on a
metaheuristic method and a dynamical model of the Solar System
(Vachier et al., 2012, A&A 543). The method uses two models: a
simple Keplerian model to minimize the search-time for an orbital
solution, exploring a wide space of solutions; and a full N-body
problem that includes the gravitational field of the primary asteroid
up to 4th order.

The orbit we derive fits all 39 observed positions of the satellite
with an RMS residual of only milli-arcseconds, which corresponds
to sub-pixel accuracy. We found the orbit of the satellite to be
circular and roughly aligned with the equatorial plane of Camilla.
The refined mass of the system is (12 + 1) x 10”18 kg, for an orbital
period of 3.71 days.

We will present this improved orbital solution of the satellite of

26

Camilla, as well as predictions for upcoming stellar occultation
events.
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201.06 — On the oldest asteroid families in the main
belt

Asteroid families are group of minor bodies produced by collisions.
Once the parent body is disrupted by a collision and fragments are
launched into space, their orbits evolve because of several
gravitational and non-gravitational effects, such as diffusion in
mean-motion resonances, Yarkovsky and YORP effects, collisional
evolution etc. The subsequent dynamical evolution of asteroid
family members may cause some of the original fragments to travel
beyond the recognizable limits of the asteroid family. Eventually,
the whole family will dynamically disperse and no longer be
recognizable. Dynamical erosion of asteroid families has been the
subject of a few recent studies, mostly focused on smaller asteroid
groups.

A natural question that may arise concerns the timescales for
dispersion of large families. In particular, what is the oldest still
recognizable family in the main belt? Are there any families that
may date from the late stages of the Late Heavy Bombardment and
that could provide clues on our understanding of the primitive
Solar System? In this work we investigate the dynamical stability of
seven of the allegedly oldest families in the asteroid main belt,
when resonant dynamics, Yarkovsky and stochastic YORP effects,
and past changes in the solar luminosity are considered. None of
the studied families is estimated to be older than 3.0 Gyr. Results
of our numerical simulations show that some of the members of
the largest families studied could have survived since 4.2 Gyr, but
with a significant depletion in the number of the smallest (D < 5
km) family members.
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201.07 — Asteroid Impacts, Crater Scaling Laws, and a
Proposed Younger Age for Venus's Surface

A fascinating on-going debate concerns the asteroid sizes needed to
form certain large craters. For example, numerical hydrocode
models predict that ~12-14 km and ~8 km diameter asteroids are
needed to produce craters like Chicxulub (~180 km) and Popigai
(~100 km), respectively. The abundance of extraterrestrial Ir/Os
measured at well-characterized impact boundaries on land and in
oceanic cores, however, predict far smaller projectiles, 4-6 km and
2.5-4 km, respectively (e.g., Paquay et al. 2014; F. Kyte, pers.
comm). To test who might be right by proxy, we transformed the
near-Earth object (NEO) size distribution (Harris & D'Abramo
2015), where > 90% of the D > 1 km asteroids are known, into a
model crater size distribution and compared it to the distribution of
D > 20 km craters formed on the Moon, Mars, and Venus over the
last ~1-3 Gyr. Here we kept things simple and assumed that f
described the ratio between all crater and asteroid diameters of
interest (i.e., f = D_crater / D_proj).

To our surprise, we found f ~ 23-26 produced excellent matches for
the crater size distributions on the Moon, Mars, and Venus, despite
their differences in gravity, surface properties, impact velocities,
etc. These same values work well for the Earth as well. Consider
that terrestrial crater production rates derived by Shoemaker
(1998) indicate 340 +/- 170 D > 20 km craters formed over the last
120 Myr. Using f = 25, we get the same value; a D > 0.8 km asteroid
makes a D > 20 km crater, and they hit Earth every 0.35 Myr on
average (e.g., Bottke et al. 2002), for a total of ~340 over 120 Myr.
Accordingly, we predict Chicxulub and Popigai were made by D ~ 7
and D ~ 4 km asteroids, respectively, values close to their predicted



sizes from Ir/Os measurements. This result also potentially
explains why Chicxulub formed ~65 Myr ago; the interval between
D ~ 7km impacts on Earth is close to this rate.

The NEO model by Bottke et al. (2002) also suggests asteroids hit
Venus at roughly the same rate as Earth. Fitting model craters to
observations, we estimate Venus’ average surface age as ~130 Myr,
alower value than previous predictions. This result, if true, has
interesting implications for Venus’s evolutionary history.

Author(s): William Bottke2, Rebecca Ghent3, Sara Mazrouei3,
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201.08 — Sesquinary catanae on Phobos from
reaccretion of ejected material

Impact ejecta from a planetary satellite can reimpact the target
body or nearby companions after an extended period, creating a
distinct type of ‘sesquinary’ impact morphologyl[1]. We present
results of a comprehensive survey of sesquinary ejecta released
from the Martian satellite Phobos, ranging from ejecta from the
Stickney impact (outcomes of SPH simulations), to just-escaping
ejecta particles (Z-model formulation) released from locations at
which Phobos both overflows its Roche lobe and is inside that lobe
(sub and anti-Mars points). Third body solar perturbations and
high-order harmonics terms are implemented in a highly accurate
ephemerides formulation to model the dynamical evolution of
ejecta in the Mars gravity system, and chart locations of eventual
reaccretions for comparison with Phobos crater morphology.

The slowest ejecta is found to reaccrete in multiple low-velocity
chain-like clusters similar to catanae observed on Ganymede[2],
Callistol2] and Mars[3], on characteristic timescales of 1-10 years.
The morphological similarity to linear pitted chains on Phobos
suggests that this formation mechanism may constrain families of
grooves that do not fit well to a tidal model for groove origin[4].
Ejecta released from a primordial Phobos orbit about Mars[5] do
not result in catanae, implying that these are geologically recent
and no older than Phobos’s modern orbit. Work is ongoing to
construct a more detailed correlation between sesquinary catenae
and pitted grooves on Phobos, and possible source craters.
Longitudinal and latitudinal variations in the location of the
primary cratering event, velocity distributions from 1-10 km
craters, orbital position with relation to Mars and conjunctions with
Deimos are all treated as free parameters; catanae-like clusters are
found in all cases. This persistence suggests that the creation of
low-velocity, clustered impact structures from sesquinary ejecta is a
relatively frequent process on Phobos; its effect on surface geology
has implications for theories surrounding the origin of the families
of grooves.

[1] Zahnle et al, 2008, Icarus. [2] Melosh & Schenk, 1993, Nature.
[3] Ferrill et al, 2004, GSA Today. [4] Asphaug et al. 2015, EPSC.
[5] Yoder, 1982, Icarus.
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201.09 — Surface Evolution from Orbital Decay on
Phobos

Phobos, the innermost satellite of Mars, displays an extensive
system of grooves that are mostly symmetric about its sub-Mars
point. Phobos is steadily spiraling inward due to the tides it raises,
and will suffer tidal disruption before colliding with Mars. We
calculate the surface stress field of the de-orbiting satellite and
show that the first signs of tidal disruption are already present on
its surface. Most of Phobos’ prominent grooves have an excellent
correlation with computed stress orientations. The model predicts
an interior that has very low strength on the tidal evolution
timescale, overlain by a ~10-100 m exterior shell that has elastic
properties similar to lunar regolith.

Shortly after the Viking spacecraft obtained the first geomorphic
images of Phobos, it was proposed that stresses from orbital decay
cause grooves. But, assuming a homogeneous Phobos, it proved
impossible to account for the build-up of failure stress in the
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exterior regardless of the value assumed for Phobos’ rigidity.
Hence, the tidal model languished. Here, we revisit the tidal origin
of surface fractures with a more detailed treatment that shows the
production of significant stress in a surface layer, with a very strong
correlation to the geometry of grooves.

Our model results applied to surface observations imply that
Phobos has a rubble pile interior that is nearly strengthless. A
lunar-like cohesive regolith outer layer overlays the rubble pile
interior. This outer layer behaves elastically and can experience
significant tidal stress at levels able to drive tensile failure. Fissures
can develop as the global body deforms due to increasing tides
related to orbital decay. Phobos may have an active and evolving
surface; an exciting target for further exploration. The interior
predictions of this model can be evaluated by future detailed
studies performed by an orbiter or lander.

Author(s): Terry Hurford4, Erik Asphaugl, Joseph Spitale5,
Douglas Hemingway?7, Alyssa Rhodenl, Wade Henning4, Bruce
Bills3, Simon Kattenhorn2, Matthew Walker6

Institution(s): 1. Arizona State University, 2. ConocoPhillips
Company, 3. JPL, 4. NASA GSFC, 5. Planetary Science Institute, 6.
University of California, Los Angeles, 7. University of California,
Santa Cruz

202 — EPO - Scientists' Showcase

202.01 — Science Communication at NASA

Scientists usually excel in a particular discipline, but generally have
a difficult time informing and engaging the public about what we
do. From climate science to natural hazards risks, our science does
affect people's lives. Within NASA, we have started science
communications training, focusing on how to tell a clear story
about not just what we do, but why we do it. This not only will help
us better communicate to our stakeholders and the public, but also
hopefully make for better communications within our diverse
teams.

Author(s): Ellen R. Stofan1
Institution(s): 1. NASA

202.02 — Confessions of an Accidental E/POnomer,
from in Front of the Camera and Behind the Pixels

The various techniques, styles, and venues for popularizing the
research outputs from our planetary science community reflect the
diversity of the community itself. While some are eloquent public
speakers or gifted writers, other colleagues are regularly sought for
television appearances or for artwork to illustrate press releases.
Whatever the method or medium, the collection of experiences we
have had in ‘getting the word out’ represents a valuable resource
pool of ideas and lessons learned from which we can all learn and
improve. I will share some of my experiences from working with a
number of television productions and magazine editors, with some
thoughts on contemporary television production styles. I will also
discuss life as both a planetary scientist and digital artist and share
some resources that are ready, willing, and quite able to help tell
the visual story of your research.

Author(s): Daniel D. Durdal
Institution(s): 1. Southwest Research Inst.

202.03 — Hazardous Asteroids: Cloaking STEM Skills
Training within an Attention-Grabbing Science/Math
Course

A graduate-level course was designed and taught during the
summer months from 2009 — 2015 in order to contribute to the
training and professional development of K-12 teachers residing in
the Southwest. The teachers were seeking Master’s degrees via the
New Mexico Institute of Mining and Technology’s (NMT’s)
Masters of Science Teaching (MST) program, and the course
satisfied a science or math requirement. The MST program
provides opportunities for in-service teachers to enhance their
content backgrounds in science, mathematics, engineering, and
technology (SMET). The ultimate goal is to assist teachers in



gaining knowledge that has direct application in the classroom.
The engaging topic area of near-Earth object (NEO)
characterization studies was used to create a fun and exciting
framework for mastering basic skills and concepts in physics and
astronomy. The objective was to offer a class that had the
appropriate science rigor (with an emphasis on mathematics)
within a non-threatening format. The course, entitled “Hazardous
Asteroids”, incorporates a basic planetary physics curriculum, with
challenging laboratories that include a heavy emphasis on math
and technology. Since the authors run a NASA-funded NEO
research and follow-up program, also folded into the course is the
use of the Magdalena Ridge Observatory’s 2.4-meter telescope so
participants can take and reduce their own data on a near-Earth
asteroid.

In exit assessments, the participants have given the course
excellent ratings for design and implementation, and the overall
degree of satisfaction was high. This validates that a
well-constructed (and rigorous) course can be effective in
receptively reaching teachers in need of basic skills refreshment.
Many of the teachers taking the course were employed in school
districts serving at-risk or under-prepared students, and the course
helped provide them with the confidence vital to developing new
strategies for successful teaching.

Author(s): Eileen V. Ryan1, William H. Ryanl
Institution(s): 1. NM Tech/MRO

202.04 — Blending Entertainment, Education, and
Science in a Modern Digital Planetarium

Students at the University of Arizona have a relatively rare
opportunity to learn in a state-of-the-art planetarium. Originally
opened as a campus planetarium in 1975, the Flandrau Science
Center recently expanded into the digital realm. In 2014 Flandrau’s
antique Minolta star projector was joined by a full-dome 4K digital
projection system powered by a high performance computer
cluster. Currently three science courses are taught in the
planetarium for non-science majors — stellar astronomy,
astrobiology, and planetary science (taught by SJK).

The new digital system allows us to take our classes off the surface
of Earth on a journey into the cosmos. Databases from dozens of
spacecraft missions and deep-space telescopic surveys are tapped
by the software to generate a realistic immersive 3D perspective of
the universe, from local planets, satellites and rings to distant stars
and galaxies all the way out to the limit of the visible universe.
Simple clicks of a mouse allow us to change the orientation,
trajectory, and speed of the virtual spacecraft, giving our students
diverse views of different phenomena.

The challenge with this system is harnessing the entertainment
aspect for educational purposes. The visualization capabilities allow
us to artificially enhance certain features and time scales. For
example, the sizes of Earth and the moon can be enlarged
on-the-fly to help demonstrate phases and eclipses. Polar axes and
latitude lines can be added to Earth as it orbits the sun to help
convey the reasons for seasons. Orbital paths can be highlighted to
allow students to more accurately comprehend the population of
near-Earth asteroids.

These new immersive computer-generated visualization
techniques have the potential to enhance comprehension in
science education, especially for concepts involving 3D spatial and
temporal relationships. Whether or not this potential is being
realized will require studies to gauge student learning and retention
beyond the short-term semester-long course. This work is just
beginning.

Author(s): Stephen J. Kortenkamp1
Institution(s): 1. Planetary Science Institute

202.05 — Going Above & Beyond: Astronomy as the
Public’s Gateway to Science

Many of the world’s most pressing scientific issues fall outside the
purview of astronomy. Climate change, vaccination, genetic
modification, and other similar topics are embroiled in the trenches
of an ideological war in the public sphere, which creates a
sometimes-insurmountable obstacle to discussion. This talk will
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describe a show series developed at Fiske Planetarium that uses the
public’s remarkable appetite for space content as a means for
engaging indirectly with these contentious topics. It also promotes
the planetarium as a place for interdisciplinary learning and offers
the opportunity for the broader population to engage with young
scientists in a different light.

Author(s): Morgan Rehnbergl
Institution(s): 1. CU/LASP

202.06 — Investigating Changes in Students’ Attitudes
Towards Science During an Adaptive Online
Astrobiology Course

Online education is an emergent sector of formal education and
Arizona State University (ASU) is a leader in offering online
courses. One that garners very strong positive feedback on student
surveys is Habitable Worlds, which is an interdisciplinary online
science course offered every semester since Fall 2011. Primary
goals of this course are to teach understanding of scientific
reasoning and practices by using principles from trans-disciplinary
research in astrobiology. To examine course outcomes we
administered the Classroom Undergraduate Research Experience
(CURE) survey, which has been previously developed to measure
student experiences. Here we use the survey for the first time for
an online course. The survey was taken before and after completing
the course during the Fall 2014 and Spring 2015 semesters (N =
544). Here, we present students’ views of science represented by 22
questions on the survey. For the questions, students responded
either "not applicable," "strongly disagree," "disagree," "neutral,"
"agree," or "strongly agree." In order to interpret the data, we
divided the questions into three broader categories for analysis:
students’ understanding of the scientific process, students’
scientific self-efficacy and students’ views on science teaching. We
study how the sample of students changed their responses to each
of the questions as a group by using a paired-samples sign test to
gauge the statistical significance of the difference between pre and
post responses. We further analyze how individual students
changed their responses. For example, we designated a change
from “strongly disagree” to “disagree” differently than a change
from “agree” to “disagree” since the latter indicated a notable
change in the student’s opinion. We found statistically significant
changes on 12 of the 22 questions. These early results indicate that
there are measurable changes on several identified course
objectives. By measuring changes that occurred to the whole group
of students as well as identifying in detail what type of changes
occurred from student to student for each question, we will be able
to improve future offerings of the course as well as to make broader
conclusions about online science education.

Author(s): Viranga Pereral, Sanlyn R Buxner3, Lev
Horodyskyj1, Ariel Anbarl, Steven Semken1, Chris Mead1, David
Lopatto2

Institution(s): 1. Arizona State University, 2. Grinnell College, 3.
University of Arizona

202.07 — The Arecibo Observatory Space Academy

The Arecibo Observatory Space Academy (AOSA) is a ten (10) week
pre-college research program for students in grades 9-12. Our
mission is to prepare students for academic and professional
careers by allowing them to receive an independent and
collaborative research experience on topics related to space and
aide in their individual academic and social development. Our
objectives are to (1) Supplement the student’s STEM education via
inquiry-based learning and indirect teaching methods, (2) Immerse
students in an ESL environment, further developing their verbal
and written presentation skills, and (3) To foster in every student
an interest in science by exploiting their natural curiosity and
knowledge in order to further develop their critical thinking and
investigation skills. AOSA provides students with the opportunity
to share lectures with Arecibo Observatory staff, who have
expertise in various STEM fields. Each Fall and Spring semester,
selected high school students, or Cadets, from all over Puerto Rico
participate in this Saturday academy where they receive experience
designing, proposing, and carrying out research projects related to



space exploration, focusing on four fields: Physics/Astronomy,
Biology, Engineering, and Sociology. Cadets get the opportunity to
explore their topic of choice while practicing many of the
foundations of scientific research with the goal of designing a space
settlement, which they present at the NSS-NASA Ames Space
Settlement Design Contest. At the end of each semester students
present their research to their peers, program mentors, and Arecibo
Observatory staff. Funding for this program is provided by NASA
SSERVI-LPI: Center for Lunar Science and Exploration with partial
support from the Angel Ramos Visitor Center through UMET and
management by USRA.

Author(s): Linda A. Rodriguez-Ford1, Luisa Zambrano-
Marinl, Bryan M. Pettyl, Elizabeth Sternkel, Andrew M. Ortizl,
Edgard G. Rivera-Valentinl

Institution(s): 1. Arecibo Observatory

202.08 — Promoting Diversity in STEM through Active
Recruiting and Mentoring: The Pre-Major in
Astronomy Program (Pre-MAP) at the University of
Washington

The Pre-Major in Astronomy Program (Pre-MAP) is a research and
mentoring program for underclassmen and transfer students
offered by the University of Washington Astronomy Department
since 2005. The primary goal of Pre-MAP is to recruit and retain
students from groups traditionally underrepresented in science,
technology, engineering, and mathematics (STEM) through early
exposure to research. The Pre-MAP seminar is the core component
of the program and offers instruction in computing skills, data
manipulation, science writing, statistical analysis, and scientific
speaking and presentation skills. Students choose research projects
proposed by faculty, post-docs and graduate students in areas
related to astrophysics, planetary science, and astrobiology.
Pre-MAP has been successful in retaining underrepresented
students in STEM fields relative to the broader UW population, and
we've found these students are more likely to graduate and excel
academically than their peers. As of spring 2015, more than one
hundred students have taken the Pre-MAP seminar, and both
internal and external evaluations have shown that all groups of
participating students report an increased interest in astronomy
and science careers at the end of the seminar. Several former
Pre-MAP students have obtained or are pursuing doctoral and
master’s degrees in STEM fields; many more work at NASA
centers, teaching colleges, or as engineers or data analysts. Pre-
MAP student research has produced dozens of publications in
peer-reviewed research journals. This talk will provide an overview
of the program: the structure of the seminar, examples of projects
completed by students, cohort-building activities outside the
seminar, funding sources, recruitment strategies, and the aggregate
demographic and achievement data of our students. It is our hope
that similar programs may be adopted successfully at other
institutions.

Author(s): Edward Schwieterman1, Breanna Binder1,
Michael Tremmell, Kristen Garofalil, Eric Agoll, Victoria
Meadowsl

Institution(s): 1. University of Washington

202.09 — Scientist-Educator Partnerships: the
Cornerstone of Astrophysics E/PO

For nearly two decades, NASA has partnered scientists and
educators by embedding Education and Public Outreach (E/PO)
programs and funding in its science missions and research
activities. This enables scientist and educators to work side-by-side
in translating cutting-edge NASA science and technology for
classrooms, museums, and public venues.

The Office of Public Outreach at the Space Telescope Science
Institute (STScI) is uniquely poised to foster collaboration between
scientists with content expertise and educators with pedagogy
expertise. As home to both Hubble Space Telescope and the future
James Webb Space Telescope, STScI leverages the expertise of its
scientists to create partnerships with its collocated Education Team
to translate cutting-edge NASA science into new and effective
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learning tools. In addition, STScI is home of the NASA Science
Mission Directorate (SMD) Astrophysics Science E/PO Forum,
which facilitates connections both within the SMD E/PO
community and beyond to scientists and educators across all NASA
Astrophysics missions. These collaborations strengthen
partnerships, build best practices, and enhance coherence for
NASA SMD-funded E/PO missions and programs.

We will present examples of astronomers’ engagement in our E/PO
efforts, such as NASA Science4Girls.

Author(s): Bonnie K. Meinkel, Denise A Smith1, Brandon
Lawtonl, Bonnie Eisenhamerl, Hussein Jirdeh1
Institution(s): 1. STScl

203 — Centaurs, Trans-Neptunian Objects,
and the Inner Oort Cloud

203.01 — Rotational properties of the Haumea family
members and candidates: Short-term variability
Haumea is one of the largest known Trans-Neptunian Objects
(TNOs) with several anomalous characteristics. It is a fast rotator
with a double-peak period of 3.92 h. Its spectrum is dominated by
water ice features and the high albedo suggests nearly pure water
ice on the surface. It has two known satellites and a family of at
least ten TNOs with very similar proper orbital parameters and
spectral properties. The formation of this peculiar family (Haumea,
its two moons and, dynamically related bodies) is not well
understood despite various models that have been proposed during
the past few years.

In order to improve our understanding of the formation of this
family, we have examined the rotational properties of the family
members and candidates (i.e. objects with similar proper orbital
elements to the family members but without water ice on their
surface or without observations to detect surface water). We report
new short-term variability for 5 family members and 7 candidates
from data collected over the past five years using multiple
ground-based facilities. Thanks to our study, all the Haumea family
members have a short-term variability study.

From rotational data, assuming fluid-like rubble-pile structure, we
constrain ellipsoidal axis ratios for individual objects and set a
lower limit to densities. We also compared lightcurve amplitude
and rotational frequency distributions for the family members,
candidates, and unrelated TNOs to search for additional clues to
the progenitor and the formation of this family.

Author(s): Audrey Thirouin3, Scott S. Sheppardl, Keith S.
Noll4, Nicholas A. Moskovitz3, Alain Doressoundiram 2
Institution(s): 1. DTM Carnegie Institution for Science, 2. LESIA
- Observatory of Paris, 3. Lowell Observatory, 4. NASA-Goddard
Space Flight Center

203.02 — Near-Infrared and Optical colors of Trans-
Neptunian Objects and Centaurs from Ground-Based
Observations in Support of Spitzer Observations
Trans-Neptunian objects and Centaurs are small icy bodies located
beyond the orbit of Neptune and between the orbits of Neptune
and Jupiter, respectively. These objects are composed of organic
material, of silicate minerals and of different ices, including HoO,
CHy, N2 and CHgOH. Determining the composition of such object
usually requires spectroscopic measurements on large telescopes.
However, we can constrain the compositions of these objects by
measuring their near-infrared colors that -- in combination with
existing data from the Spitzer Space Telescope -- can indicate
surface composition.. We will present near-infrared magnitudes
and colors of at least 24 trans-Neptunian objects and 3 Centaurs
obtained in ground-based observations. We observed with Gemini,
UKIRT, and the 90" Bok Telescope on Kitt Peak between 2011 and
2015. The combination of our data with existing Spitzer Space
Telescope data enables us to identify spectral slope up to 4.5 pm
and provides rough information on spectral bands, which are
important clues on the surface composition of our targets. We will
present preliminary results on the compositional analysis for select



targets. This work was supported by the Spitzer Science Center and
NASA's Planetary Astronomy program.

Author(s): Cassandra Lejoly3, Michael Mommert3, David
Trilling3, Noemi Pinilla-Alonso2, Josh Emery2, Chad Melton3,
Don McCarthy?, Craig Kulesal

Institution(s): 1. Department of Astronomy - University of
Arizona, 2. Department of Earth and Planetary Science -
University of Tennessee, 3. Department of Physics and Astronomy
- Northern Arizona University

203.03 — The color-magnitude distribution of small
Kuiper Belt objects

Occupying a vast region beyond the ice giants is an extensive
swarm of minor bodies known as the Kuiper Belt. Enigmatic in
their formation, composition, and evolution, these Kuiper Belt
objects (KBOs) lie at the intersection of many of the most
important topics in planetary science. Improved instruments and
large-scale surveys have revealed a complex dynamical picture of
the Kuiper Belt. Meanwhile, photometric studies have indicated
that small KBOs display a wide range of colors, which may reflect a
chemically diverse initial accretion environment and provide
important clues to constraining the surface compositions of these
objects. Notably, some recent work has shown evidence for
bimodality in the colors of non-cold classical KBOs, which would
have major implications for the formation and subsequent
evolution of the entire KBO population. However, these previous
color measurements are few and mostly come from targeted
observations of known objects. As a consequence, the effect of
observational biases cannot be readily removed, preventing one
from obtaining an accurate picture of the true color distribution of
the KBOs as a whole.

We carried out a survey of KBOs using the Hyper Suprime-Cam
instrument on the 8.2-meter Subaru telescope. Our observing
fields targeted regions away from the ecliptic plane so as to avoid
contamination from cold classical KBOs. Each field was imaged in
both the g’ and i’ filters, which allowed us to calculate the g’-i’ color
of each detected object. We detected more than 500 KBOs over two
nights of observation, with absolute magnitudes from H=6 to
H=11. Our survey increases the number of KBOs fainter than H=8
with known colors by more than an order of magnitude. We find
that the distribution of colors demonstrates a robust bimodality
across the entire observed range of KBO sizes, from which we can
categorize individual objects into two color sub-populations -- the
red and very-red KBOs. We present the very first analysis of the
magnitude distributions of the two color sub-populations.

Author(s): Ian Wongl, Michael E Brown!
Institution(s): 1. CALTECH

203.04 — The Outer Solar System Origins Survey: cold
classicals beyond the 2:1 resonance

With the 85 characterised discoveries from the first quarter of the
ongoing Outer Solar System Origins Survey (OSSOS) with
MegaPrime on the Canada-France-Hawaii Telescope, we find that
the CFEPS L7 model of Petit et al. 2011 remains an accurate
parameterization of the classical Kuiper belt's orbital structure, and
the population estimate for the main belt remains unchanged (for
39 AU < a < 47 AU). We independently confirm the existence of
substructure within the main classical Kuiper belt. The semi-major
axis distribution of the stirred component of the cold classicals
must contain a clumped kernel’.

We detect an extension of the cold classical Kuiper belt that
continues at least several AU beyond the 2:1 mean motion
resonance with Neptune. This extension would have strong
cosmogonic implications for the origin of the classical belt's orbital
substructure.

We will discuss how the 140 new objects we discovered in the
second quarter of OSSOS place further constraints on cold
classicals beyond the 2:1 resonance. Our 16-18 month
observational arcs and improved astrometric technique continue to
achieve extremely high-quality measurements of TNO orbits:
fractional semimajor axis uncertainties of our discoveries are
consistently in the range 0.01-0.1%, allowing rapid orbital

classification.

Author(s): Michele T Bannister®0, J J Kavelaars6, Brett
Gladman5, Jean- Marc Petit2, Stephen Gwyn3, Kathryn Volk4,
Ying- Tung Chenl, Mike Alexandersen5

Institution(s): 1. ASIAA, 2. Institut UTINAM - UMR CNRS, 3.
NRC Herzberg, 4. University of Arizona, 5. University of British
Columbia, 6. University of Victoria

203.05 — Resonant Trans-Neptunian Populations:
Constraints from the first quarter of the Outer Solar
System Origins Survey

The first two observational sky "blocks" of the Outer Solar System
Origins Survey (OSSOS) have nearly doubled the set of
well-characterized observed trans-Neptunian objects (TNOs) that
occupy mean motion resonances with Neptune. We describe the 31
securely (plus 8 insecurely) resonant TNOs detected by OSSOS so
far and use them to independently verify the resonant population
models from the Canada France Ecliptic Plane Survey, with which
we find broad agreement. One of the OSSOS blocks described here
is well-suited to detecting objects trapped at very low libration
amplitudes in Neptune's 3:2 mean motion resonance, a dynamical
population of interest in testing the origins of resonant TNOs. We
have detected three plutinos (3:2 objects) with libration amplitudes
less than 20 degrees, which requires that plutino libration
amplitude distribution be extended to lower values. Using the
0SSOS detections of 5:2 objects, we confirm that this resonance is
more populated than predicted by models of the outer Solar
System's early dynamical history; our minimum population
estimate shows that just the high eccentricity (e>0.35) portion of
the resonance are at least as populous as the 2:1 resonance, and
possibly as populated as the 3:2 resonance. The OSSOS 2:1
detections confirm that the 2:1 resonance has a dynamically colder
inclination distribution than either the 3:2 or 5:2 resonances.
Using the combination of OSSOS and CFEPS detections of 2:1
objects, we constrain the fraction of 2:1 objects in the symmetric
mode of libration to be 0.2--0.85 (the rest being asymmetric); we
also constrain the ratio of leading to trailing asymmetric librators (a
ratio that has been theoretically predicted to vary depending on
Neptune's migration history) to be 0.05--0.8 at 95% confidence.
These constraints will be improved by future OSSOS blocks.

Author(s): Kathryn Volk6, Ruth Murray-Clay8, Brett
Gladman7, Samantha Lawler9, Michele Bannister9, J.J.
Kavelaars9, Jean-Marc Petit5, Stephen Gwyn4, Mike
Alexandersen?, Ying-Tung Chenl, Patryk Sofia Lykawka2, Wing
Ip3, Hsing Wen Lin3

Institution(s): 1. Academia Sinica, 2. Kinki University, 3.
National Central University, 4. NRC-Herzberg, 5. Observatoire de
Besancon, Universite de Franche Comte, 6. The University of
Arizona, 7. University of British Columbia, 8. University of
California Santa Barbara, 9. University of Victoria

203.06D — Exploring the Outer Neptune Resonances:
Constraints on Solar System Evolution

The long-term evolution of objects in the outer n:1 resonances with
Neptune provide clues to the evolutionary history of the Solar
System. Based on 4 objects with semi-major axes near the 5:1
resonance, we estimate a substantial and previously unrecognized
population of objects, perhaps more significant than the population
in the 3:2 (Plutino) resonance. These external resonances are
largely unexplored in both observations and dynamical
simulations. However, understanding the characteristics and
trapping history for objects in these populations is critical for
constraining the dynamical history of the solar system. The 4
objects detected in the Canada-France Ecliptic Plane Survey
(CFEPS) were classified using dynamical integrations. Three are
resonant, and the fourth appears to be a resonance diffusion
object, part of a population which exited the resonance through
chaotic diffusion. The 3 resonant objects are taken to be
representative of the resonant population, so by using these
detections and the CFEPS characterization (pointings and
detection limits) we calculate a population estimate for this
resonance at ~1900(+3300 -1400) objects with Hg<8 [Pike et al.

30



2015]. This is at least as large as the Plutinos (3:2 resonance) at
90% confidence. The small number of detected objects results in
such a large population estimate due to the numerous biases
against detecting objects with semimajor axes at ~88AU. The
dynamical behavior of the known objects, suggests that the
trapping mechanism for the 5:1 resonance is resonance sticking
from the scattering objects. Based on our results from the 5:1
resonance, we have begun a project to examine the long term
evolution of the other n:1 resonances to determine the importance
of resonance diffusion and transfer between libration islands
among the scattering-captured members of those populations.

Author(s): Rosemary E. Pike6, JJ Kavelaars3, Cory J.
Shankman®, Jean-Marc Petitl, Gladman Brett5, Kat Volk4, Mike
Alexandersen?2

Institution(s): 1. Institut UTINAM, 2. Institute of Astronomy &
Astrophysics, Academia Sinica, 3. NRC Herzberg, 4. University of
Arizona, 5. University of British Columbia, 6. University of
Victoria

203.07 — Searching for Extreme Kuiper Belt Objects
and Inner Oort Cloud Objects

Since late 2012 we have been performing the largest and deepest
survey for distant solar system objects. In the nearly one thousand
square degrees we have covered so far we have discovered the
object with the most distant perihelion known (2012 VP113),
several extreme Kuiper Belt objects with moderate perihelia and
large eccentricities, one of the top ten intrinsically brightest Trans-
Neptunian objects, an ultra-wide Kuiper Belt binary, one of the
most distant known active comets and two active asteroids in the
main belt of asteroids. The Kuiper Belt population has an outer
edge at about 50 AU. Sedna and our recent discovery, 2012 VP113,
are the only known objects with perihelia significantly beyond this
edge at about 80 AU. These inner Oort cloud objects obtained their
orbits when the solar system was vastly different from now. Thus
the dynamical and physical properties of objects in this region offer

key constraints on the formation and evolution of our solar system.

We will discuss the most recent results of our survey.

Author(s): Scott S. Sheppardl, Chad Trujillo2, Dave Tholen3
Institution(s): 1. Carnegie Inst. of Washington, 2. Gemini
Observatory, 3. University of Hawaii

203.08 — Three steps toward understanding the
dynamical structure of the Kuiper belt (and what it
means for Neptune's migration)

Much of the dynamical structure of the Kuiper belt can be
explained if Neptune migrated over several AU, and/or if Neptune
was scattered to an eccentric orbit during planetary instability.

Step 1: An outstanding problem with the previous
migration/instability models is that the distribution of orbital
inclinations they predict is narrower than the one inferred from
observations. Here we perform numerical simulations of the
Kuiper belt formation starting from an initial state with Neptune at
20<a_N<30 AU and a dynamically cold outer disk extending from
beyond a_ N to 30 AU. Neptune's orbit is migrated into the disk on
an e-folding timescale 1 < tau < 100 Myr. A small fraction of the
disk planetesimals become implanted into the Kuiper belt in the
simulations. We find that the inclination constraint implies that
Neptune's migration was slow (tau > 10 Myr) and long range (a_N
< 25 AU).

Step 2: A particularly puzzling and up-to-now unexplained feature
of the Kuiper belt is the so-called “kernel', a concentration of orbits
with semimajor axes a=44 AU, eccentricities e=0.05, and
inclinations i<5 deg. Here we show that the Kuiper belt kernel can
be explained if Neptune's migration was interrupted by a
discontinuous change of Neptune's semimajor axis when Neptune
reached 28 AU (jumping-Neptune model).

Step 3: The existing migration/instability models invariably predict
an excessively large resonant population, while observations show
that the non-resonant orbits are in fact more common (e.g.,
Plutinos in the 3:2 resonance represent only ~1/3 of the main belt
population). Here we show that the observed population statistic
implies that Neptune's migration was grainy, as expected from
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scattering encounters of Neptune with massive planetesimals. Our
preferred fit to observations suggests that the outer planetesimal
disk below 30 AU contained ~2000 bodies with mass comparable
to that of Pluto.

Together, these results imply that Neptune's migration was slow,
long-range and grainy, and that Neptune radially jumped by ~0.5
AU when it reached 28 AU. This is consistent with Neptune's
orbital evolution obtained in the recently developed models of
planetary instability/migration (Nesvorny & Morbidelli 2012, AJ
144).

Author(s): David Nesvorny!
Institution(s): 1. SWRI

203.09 — Into the Kuiper Belt: New Horizons
Post-Pluto

New Horizons is now beyond Pluto and flying deeper into the
Kuiper Belt. In the summer of 2014, a Hubble Space Telescope
Large Program identified two candidate Cold Classical Kuiper Belt
Objects (KBOs) that were within reach of New Horizons' remaining
fuel budget. Here we present the selection of the Kuiper Belt flyby
target for New Horizons' post-Pluto mission, our state of
knowledge regarding this target and the potential 2019 flyby, the
status of New Horizons' targeting maneuver, and prospects for
near-future long-range observations of other KBOs.

Author(s): Alex Harrison Parker10, John SpencerlO, Susan
Benecchi8, Richard Binzel4, David Borncamp!!, Marc BuielO,
Cesar Fuentes5, Stephen Gwyn©, JJ Kavelaars6, Keith Noll?,
Jean-Marc Petit7, Simon Porter1O, Mark Showalter9, S Alan
Stern10, Ray Sterner3, David Tholen2, Anne Verbiscerl2, Hal
Weaver3, Amanda ZangarilO
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NRC, 7. Observatoire de Besancon, 8. PSI, 9. SETI Institute, 10.
Southwest Research Institute, 11. STScl, 12. University of Virginia

204 — Asteroid Radar & Thermal Studies:
Microwaved and Served Hot

204.01 — Thermal inertia of eclipsing binary asteroids:
the role of component shape

Thermal inertia controls the temperature distribution on asteroid
surfaces. This is of crucial importance to the Yarkovsky effect and
for the planning of spacecraft operations on or near the surface.
Additionally, thermal inertia is a sensitive indicator for regolith
structure.

A uniquely direct way of measuring thermal inertia is through
observations of the thermal response to an eclipse in a binary
system, when one component shadows the other. This method was
pioneered by Mueller et al. (2010), who observed eclipses in (617)
Patroclus using Spitzer IRS. Buie et al. (2015) report observations
of a stellar occultation by Patroclus. Their estimate for the system's
projected size agrees well with the Spitzer result. However, the
occultation revealed that the components are much more oblately
shaped than was assumed by Mueller et al.

This prompted us to study the role of component shape in the
analysis of thermal eclipse data. Conceivably, the global shape can
have a significant impact on the shape and size of the eclipsed area
and therefore on its thermal emission. So far, this has not been
studied in a systematic way. Using Patroclus and the existing
Spitzer data as our test case, we vary the ellipsoidal component
shape and determine the resulting best-fit thermal inertia. This will
lead to an updated estimate of Patroclus' thermal inertia, along
with a potentially more realistic estimate of its uncertainty. Beyond
that, our results will inform ongoing and future thermal studies of
other eclipsing binary asteroids.

Author(s): Michael Muellerl, Marlies van de Weijgaertl
Institution(s): 1. Kapteyn Astronomical Institute, U Groningen

204.02 — Modeling the thermal emission from
asteroid 3 Juno using ALMA observations and the
KRC thermal model



Asteroid 3 Juno (hereafter referred to as Juno), discovered 1
September 1804, is the 11th largest asteroid in the Main Asteroid
Belt (MAB). Containing approximately 1% of the mass in the MAB
[1], Juno is the second largest S-type [2].

As part of the observations acquired from Atacama Large
Millimeter/submillimeter Array (ALMA) [3], 10 reconstructed
images at ~60km/pixel resolution were acquired of Juno [4] that
showed significant deviations from the Standard Thermal Model
(STM) [5]. These deviations could be a result of surface
topography, albedo variations, emissivity variations, thermal
inertia variations, or any combination.

The KRC thermal model [6, 7], which has been extensively used for
Mars [e.g. 8, 9] and has been applied to Vesta [10] and Ceres [11],
will be used to compare model thermal emission to that observed
by ALMA at a wavelength of 1.33 mm [4]. The 10 images, acquired
over a four hour period, captured ~55% of Juno’s 7.21 hour
rotation. Variations in temperature as a function of local time will
be used to constrain the source of the thermal emission deviations
from the STM.

This work is supported by the NASA Solar System Observations
Program.
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204.03 — Characterizing Asteroid Thermal Properties
through the Laboratory Study of Meteorites

Asteroid thermal diffusivity is critical to understanding its thermal
evolution, and thermal inertia determines its behavior under
Yarkovsky effects. These properties are both functions of thermal
conductivity, heat capacity, and density. Thermal conductivity and
heat capacity both vary with temperature, while thermal
conductivity and density are strongly influenced by microporosity.
Our survey of low-temperature (175K) heat capacities includes
more than 130 meteorites, supplemented by precision
temperature-sensitive heat capacities for 6 individual samples.
Heat capacities (175K) range from 350 J/kgK for unweathered iron
meteorites to 530 J/kgK, with most chondrites between 480 and
520 J/kgK. Heat capacities for unweathered ordinary chondrite
falls are within 5% of theoretical models, and as a function of
temperature fit a theoretical curve of Cp=A+BT+CT(-2)+DT(-0.5)
between 77 and 300 K, and are consistent with mineral data
between 20 and 300 K. (Values for A,B,C,D vary by meteorite
type.)

Thermal conductivities are strong functions of porosity and, below
90 K, strong functions of temperature. Laboratory measurements
of several meteorites indicate that between 9o and 300 K, most
thermal conductivities vary little with temperature. Below 90 K,
thermal conductivity drops off strongly as temperature decreases.
Above 2% porosity and 90 K, thermal conductivities correlate
linearly with the inverse of porosity. Pore geometry and orientation
also affects thermal conductivity; thermal conductivity differs
noticeably for the same meteorite sample depending on the
direction of heat flow.

Given these relations and meteorite data, thermal diffusivity and
thermal inertia can be derived over a range of porosities and
temperatures for most asteroids. We see that porosity greatly
influences both thermal diffusivity and thermal inertia. Even as
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little as 20% porosity can reduce thermal diffusivity by two orders
of magnitude from the nonporous case.

Author(s): Robert J. Macke3, Guy J. Consolmagno3, Cyril P.
Opeill, Daniel T. Britt2

Institution(s): 1. Boston College, 2. University of Central
Florida, 3. Vatican Observatory

204.04 — The Spherical Brazil Nut Effect and its
Significance to Asteroids

Asteroids are intriguing remnant objects from the early solar
system. They can inform us on how planets formed, they could
possibly impact the earth in the future, and they likely contain
precious metals; for those reasons, there will be future exploration
and mining space missions to them. Telescopic observations and
spacecraft data have helped us understand basic properties such as
their size, mass, spin rate, orbital elements, and their surface
properties. However, their interior structures have remained
elusive. In order to fully characterize the interiors of these bodies,
seismic data will be necessary. However, we can infer their interior
structures by combining several key factors that we know about
them: 1). Past work has shown that asteroids between 150 m to 10
km in size are rubble-piles that are a collection of particles held
together by gravity and possibly cohesion. 2). Asteroid surfaces
show cratering that suggests that past impacts would have
seismically shaken these bodies. 3). Spacecraft images show that
some asteroids have large protruding boulders on their surfaces. A
rubble-pile object made of particles of different sizes and that
undergoes seismic shaking will experience granular flow.
Specifically, a size sorting effect known as the Brazil Nut Effect will
lead larger particles to move towards the surface while smaller
particles will move downwards. Previous work has suggested that
this effect could possibly explain not only why there are large
boulders on the surfaces of some asteroids but also might suggest
that the interior particles of these bodies would be organized by
size. Previous works have conducted computer simulations and lab
experiments; however, all the particle configurations used have
been either cylindrical or rectangular boxes. In this work we
present a spherical configuration of self-gravitating particles that is
a better representation of asteroids. Our results indicate that while
friction is not necessary for the Brazil Nut Effect to take place, it
aids the sorting process after a certain energy threshold is met.
Even though we find that the outer layers of asteroids could
possibly be size sorted, the inner regions are likely mixed.

Author(s): Viranga Pereral, Alan P Jacksonl, Erik Asphaug?,
Ronald-Louis Ballouz2

Institution(s): 1. Arizona State University, 2. University of
Maryland

204.05 — An Investigation of 2D Electrostatic Dust
Levitation about Bennu

Electrostatic dust levitation has been hypothesized to occur near
the surface of asteroids, due to the interaction of the solar wind
plasma and UV radiation with the asteroids’ surfaces and their
near-zero surficial gravity. Dust levitation could provide a
mechanism to move regolith across the surface of an asteroid. Our
preliminary investigations have identified grains sizes and the
altitudes at which grains may levitate considering a semi-analytical
1D plasma model. However, our initial semi-analytical plasma
model was not well-suited to the complex terminator region, where
the surface transitions between positive (dominated by
photoemission) and negative (in the plasma wake) potentials. In
this analysis, we use a new 2D treecode-based plasma simulation to
more accurately model the plasma environment about a simplified
circular cross-section of the asteroid Bennu. We investigate the
altitudes and grain sizes where electrostatic levitation could occur
at Bennu. The improved plasma model will allow more accurate
predictions of dust levitation and deposition, particularly in the
terminator and wake regions that could not be characterized be
earlier plasma models.
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204.06D — On physical properties of planetary
surfaces studied by modeling radar scattering

After decades of post-discovery characterization and orbital
refinement of near-Earth objects using planetary radars, extensive
literature describing the radar scattering properties of various
objects of the Solar System has become available. At the same time,
there is a shortage of work on what the observed values imply
about the physical properties of the planetary surfaces. Our goal is
to fill part of this gap.

We investigate, which physical properties of a planetary surface or
small body affect the radar echo and how. All of the work will be
carried out by modeling electromagnetic scattering with the
primary focus in the backscattering direction. As all models are
only simplifications of the real world, it is necessary to study, which
models are the best analogies to observations. Moreover, the
number of scattering scenarios is near infinite, but numerical
resources are limited. Due to the limitations of specific codes,
several different codes are used.

The simulations reveal, in the backscattering direction, polarization
enhancement at certain bands of sizes and refractive indices. By
studying spherical inhomogeneous particles, we found that the
electric permittivity defines the phase shift caused by the scatterer,
and hence, the depolarizing capability of the scatterer. By using
large, irregular particles as the scatterers, a systematic effect of the
absorption on the radar observables can be seen, which leads to a
semi-analytic, novel form of the radar scattering laws. By using
small (wavelength-scale) irregular particles as internal or external
diffuse medium inside or on the surface of a very large particle,
radar scattering can be simulated very realistically. The results
mainly support the current understanding of the effects of the
surface geometry, the electric permittivity, and multiple scattering.
We also explain how the electric permittivity can affect the radar
albedo and circular-polarization ratio by phase shift and
absorption. In addition, we show that, as the polarization is very
sensitive to the scatterer geometry, simplifications made in the
choice of the geometry can have unprecedented effects.

Author(s): Anne Virkkil, Karri Muinonenl
Institution(s): 1. University of Helsinki

204.07 — Radar imaging of binary near-Earth asteroid

(357439) 2004 BL86

We report radar imaging of near-Earth asteroid 2004 BL86
obtained at Goldstone, Arecibo, Green Bank, and elements of the
Very Long Baseline Array between 2015 January 26-31. 2004 BL86
approached within 0.0080 au on January 26, the closest known
approach by any object with an absolute magnitude brighter than
~19 until 2027. Prior to the encounter, virtually nothing was
known about its physical properties other than its absolute
magnitude of 19, which suggested a diameter within a factor of two
of 500 m. 2004 BL86 was a very strong radar target that provided
an outstanding opportunity for radar imaging and physical
characterization. Delay-Doppler images with range resolutions as
fine as 3.75 m placed thousands of pixels on the object and
confirmed photometric results reported by Pravec et al. (2015,
CBET 4063) that 2004 BL86 is a binary system. During the
observations, the asteroid moved more than 90 deg and provided a
range of viewing geometries. The bandwidth was relatively narrow
on Jan. 26, reached a maximum on Jan. 27, and then narrowed on
Jan. 28, a progression indicating that the subradar latitude moved
across the equator during those days. The images reveal a rounded
primary with an equatorial diameter of ~350 m, evidence for
ridges, possible boulders, and a pronounced angular feature ~100
m in diameter near one of the poles. Images from Jan. 26 show arcs
of radar-bright pixels on the approaching and receding limbs that
extend well behind the trailing edge in the middle of the echo. This
is the delay-Doppler signature of an oblate shape seen at least a few
tens of degrees off the equator. A rough estimate for the diameter
of the secondary is ~70 m and its narrow bandwidth is consistent
with the 14-h orbital period reported by Pravec et al. (2015). The
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images are suitable for 3D shape, pole, orbit, and mass estimation.
The observations utilized new data taking equipment at Green
Bank to receive X-band (8560 MHz, 3.5 cm) transmissions from
the 70 m DSS-14 facility, and, for the first time, transmissions using
anew C-band (7190 MHz, 4.2 cm) radar at the 34 m DSS-13
antenna at the Goldstone complex.

Author(s): Lance A. M. Benner2, Marina Brozovic2, Jon D.
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204.08 — Radar observations of near-Earth asteroid
(436724) 2011 UW158 using the Arecibo, Goldstone,
and Green Bank Telescopes

Near-Earth asteroid (436724) 2011 UW158 made a close approach
to the Earth on 2015 July 19 at a distance of 0.016 au (6.4 lunar
distances). We observed it between July 13-26 using the Arecibo
S-band (2380 MHz, 12.5 cm) radar, the Goldstone X-band (8560
MHz, 3.5 cm) radar, and the Green Bank Telescope (GBT). Arecibo
delay-Doppler observations achieved range resolutions as fine as
7.5 m. At the GBT, we used a newly installed radar backend to
record the radar echoes, which improved signal-to-noise ratios
(SNRs) two-fold relative to monostatic reception at the 70-m
DSS-14 antenna at Goldstone. The higher SNRs allowed us to
obtain images with range resolutions comparable to those at
Arecibo that reveal the asteroid’s surface topography with great
detail. The visible extents of the asteroid in the radar images
suggest an elongated object with dimensions of about 600 x 300 m.
The shape of the object is angular with a facet on one side that
spans the entire length of the asteroid. Three parallel radar-bright
features are visible when the asteroid is oriented broadside and
may represent ridges. These features cause unusually large
brightness variations in the echo as the asteroid rotates. There are
other radar-bright regions that suggest small-scale (tens of meters)
topography. Repetition of the leading edge profiles in the images
indicates a spin period of ~37 minutes, which is consistent with the
period that was previously reported using lightcurves (B. Gary, T.
Lister, H. K. Moon, P. Pravec, and B. D. Warner, pers. comm.).
This spin period is unusually fast among asteroids its size and
suggests that the object has relatively high cohesive strength. 2011
UW158 has a relatively low delta-V for spacecraft missions and is
on NASA’s Near-Earth Object Human Accessible Targets Study list.

Author(s): Shantanu P Naidu2, Lance A. M. Benner2, Marina
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Patrick A Taylorl, James E Richardsonl, Edgard G Rivera-Valentin
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204.09 — Potentially Hazardous Asteroid (85989) 1999
JD6: Radar, Infrared, and Lightcurve Observations
and a Preliminary Shape Model

We report observations of potentially hazardous asteroid (85989)
1999 JD6, which passed 0.048 AU from Earth (19 lunar distances)
during its close approach on July 25, 2015. During eleven days
between July 15 and August 4, 2015, we observed 1999 JD6 with
the Goldstone Solar System Radar and with Arecibo Observatory's
planetary radar, including bistatic reception of some Goldstone
echoes at Green Bank. We obtained delay-Doppler radar images at
a wide range of latitudes, with range resolutions varying from 7.5 to
150 meters per pixel, depending on the observing conditions. We
acquired near-infrared spectra from the NASA InfraRed Telescope
Facility (IRTF) on two nights in July 2015, at wavelengths from
0.75 to 5.0 microns, showing JD6's thermal emission. We also
obtained optical lightcurves from Ondrejov Observatory (in 1999),
Table Mountain Observatory (in 2000), and Palmer Divide Station
(in 2015). Previous observers had suggested that 1999 JD6 was
most likely an elongated object, based on its large lightcurve
amplitude of 1.2 magnitudes (Szabo et al. 2001; Polishook and



Brosch 2008; Warner 2014). The radar images reveal an elongated
peanut-shaped object, with two lobes separated by a sharp
concavity. JD6's maximum diameter is about two kilometers, and
its larger lobe is approximately 50% longer than its smaller lobe.
The larger lobe has a concavity on its end. We will present more
details on the shape and rotation state of 1999 JD6, as well as its
surface properties from optical and infrared data and thermal
modeling.
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205 — Titan's Atmosphere

205.01 — Seasonal variations in Titan’s stratosphere
observed with Cassini/CIRS after the northern spring
equinox

Since 2004, Cassini has made more than 110 Titan flybys,
observing its atmosphere with instruments including the Cassini
Composite InfraRed Spectrometer (CIRS). We know from CIRS
observations that the global dynamics drastically changed after the
northern spring equinox that occurred in August 2009 ([1], [2],
[3], [4]). The pole-to-pole middle atmosphere dynamics (above
100 km) experienced a global reversal in less than 2 years after the
equinox [4], while the northern hemisphere was entering spring.
This new pattern, with downwelling at the south pole, resulted in
enrichment of almost all molecules inside the southern polar
vortex, while a persistent enhancement due to the former northern
winter subsidence is still seen in the north pole region. According
to General Circulation Model calculations, this single circulation
cell pattern should remain until 2025.

We will present new 2015 CIRS limb observations analysis. We will
show that many species (CoHa, HCN, HC3N, CHgp, C4Ho,
CH3CCH, CoHy) are now highly enriched near the south pole, by
factors ~100 at 500 km compared to just a few years ago. Such
large middle atmospheric enrichments were never observed before
and are similar to in situ results from INMS at 1000 km [5].

We will also show that the north pole displays for the first time
since the beginning of the Cassini mission, a depletion of molecular
gas mixing ratios at altitudes higher than 300 km, while deeper
levels remains enriched compared to mid-latitude regions.
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205.02 — Post-equinox evolution of Titan's

south-polar stratosphere

Since northern spring equinox in mid-2009, Titan's atmosphere
has demonstrated dramatic changes in temperature (Achterberg et
al 2014), composition (Teanby et al 2012, Vinatier et al 2015,
Coustenis et al 2015), and aerosol/ice distribution (de Kok et al
2014, Jennings et al 2015, West et al 2015). Changes have been
greatest at the southern winter pole, which continues to enter
deeper into Titan's shadow following the 2009 equinox.
Observational highlights include development of a south polar
hot-spot, nitrile ice clouds, dense condensate clouds, and extreme
trace gas concentrations.

Here we use recent infrared spectral limb observations by
Cassini/CIRS to determine the evolution of temperature and
composition of the south polar region since equinox. Our
observations show that the south polar hot-spot initially observed
following equinox has now disappeared and been replaced by
extremely low temperatures throughout the stratosphere,
suspected to be due to enhanced radiative cooling. There also
appears to be an unusual distribution of nitrile species, which
suggests trace gases are now escaping the newly formed winter
vortex. Thus providing clues to the underlying circulation. The new
observations will be presented and implications for Titan's polar
atmospheric dynamics discussed.
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205.03 — ALMA Spectroscopy of Titan's Atmosphere:
First Detections of Vinyl Cyanide and Acetonitrile
Isotopologues

Studies of Titan's atmospheric chemistry provide a unique
opportunity to explore the origin and evolution of complex organic
matter in primitive planetary atmospheres. The Atacama Large
Millimeter/submillimeter Array (ALMA) is a powerful new
telescope, well suited to the study of molecular emission from
Titan's stratosphere and mesosphere. Here we present early results
from our ongoing study to exploit the large volume of Titan data
taken using ALMA in Early Science Mode (during the period
2012-2014). Combining data from multiple ALMA Band 6
observations, we obtained high-resolution mm-wave spectra with
unprecedented sensitivity, enabling the first detection of vinyl
cyanide (CoH5CN) in Titan's atmosphere. Initial estimates indicate
a mesospheric abundance ratio with respect to ethyl cyanide
(CoH5CN) of [CoHgCN]/[CoH5CN] = 0.31. In addition, we report
the first detections on Titan of the 13C and 15N-substituted
isotopologues of acetonitrile (13CH3CN and CHgC15N). Radiative
transfer models and possible chemical formation pathways for
these molecules will be discussed.

Author(s): Martin Cordinerl, Maureen Y Palmer3, Conor A
Nixonl, Steven B Charnleyl, Michael J Mummal, Pat G. J. Irwin5,
Nick A Teanby4, Zbigniew Kisiel2, Joseph Seriganol
Institution(s): 1. NASA Goddard Space Flight Center, 2. Polish
Academy of Sciences, 3. St. Olaf College, 4. University of Bristol, 5.
University of Oxford

205.04 — Observations of CO in Titan's Atmosphere
Using ALMA

The advent of the Atacama Large Millimeter/submillimeter Array
(ALMA) has provided a powerful facility for probing the
atmospheres of solar system targets at long wavelengths (84-720
GHz) where the rotational lines of small, polar molecules are
prominent. In the dense, nitrogen-dominated atmosphere of Titan,
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photodissociation of molecular nitrogen and methane leads to a
wealth of complex hydrocarbons and nitriles in small abundances.
Past millimeter/submillimeter observations, including
ground-based observations as well as those by the Composite
Infrared Spectrometer (CIRS) aboard the Cassini spacecraft, have
proven the significance of this wavelength region for the derivation
of vertical mixing profiles, latitudinal and seasonal variations, and
molecular detections. Previous ALMA studies of Titan have
presented mapping and vertical column densities of hydrogen
isocyanide (HNC) and cyanoacetylene (HCgN) (Cordiner et al.
2014) as well as the first spectroscopic detection of ethyl cyanide
(CoH5CN) in Titan’s atmosphere (Cordiner et al. 2015).

Here, we report several submillimetric observations of carbon
monoxide (CO) and its isotopologues 13CO, C180, and C170 in
Titan’s atmosphere obtained with flux calibration data from the
ALMA Science Archive. We employ NEMESIS, a line-by-line
radiative transfer code, to determine the stratospheric abundances
of these molecules. The abundance of CO in Titan's atmosphere is
determined to be approximately 50+1 ppm, constant with altitude,
and isotopic ratios are determined to be approximately 12C/13C =
90, 160/180 = 470, and 160/170 = 2800. This report presents the
first spectroscopic detection of C170 in the outer solar system,
detected at >110 confidence. This talk will focus on isotopic ratios
in COin Titan's atmosphere and will compare our results to
previously measured values for Titan and other bodies in the Solar
System. General implications for the history of Titan from
measurements of CO and its isotopologues will be discussed.
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205.05 — Search for methane isotope fractionation due
to Rayleigh distillation on Titan

Kinetic fractionation of methane isotopes on Titan may be
diagnostic of the temperatures where methane is evaporating from
the surface and condensing in the atmosphere. We describe the
equilibrium fractionation that is expected to result in a depletion of
CHqD in the gas, and speculate about the magnitude of this
dep?etion. We search for spatial variation in CHgD using near-IR
spectra obtained with Keck NIRSPAO (Adamkovics et al., 2015)
and describe some limitations of the current methane line
assignments near 1.55um in HITRAN2012. After performing a
rudimentary empirical correction to our radiative transfer model,
we perform retrievals of the CHgD abundance. Preliminary results
from this work suggest that CHgD/CH 4 is globally uniform to
within ~10%; that is, variation in CHgD abundance of more than
10% of the nominal value would be detectable in our existing
observations. Improvements to both the observations and models
are suggested, and we discuss the limitations of our methodology.
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205.06 — Titan Aerosol Formation as a Sink for Stable
Carbon and Nitrogen Isotopes

Stable isotope ratios of major elements can be used to infer much
about local- and global-scale processes on a planet. On Titan,
aerosol production is a significant sink of carbon and nitrogen in
the atmosphere, and isotopic fractionation of these elements may
be introduced during the advanced organic chemistry that leads to
the condensed phase products. Several stable isotope pairs,
including 12C/13C and 14N/15N, have been measured in situ or
probed spectroscopically by Cassini-borne instruments, space
telescopes, or through ground-based observations. However, the
effect of a potentially critical pathway for isotopic fractionation —
organic aerosol formation and subsequent deposition onto the
surface of Titan — has not been considered due to insufficient data
regarding fractionation during aerosol formation. To better
understand the nature of this process, we have measured the
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isotopic fractionation associated with the formation of Titan
aerosol analogs via far-UV irradiation of several methane (CH4)
and nitrogen (No) mixtures.

Our initial results probed the fractionation of the aerosol product,
relative to the reactant gases, as a function of CH 4 abundance [1].
Our results show that the direction of carbon isotope fractionation
during aerosol formation is in contrast to the expected result if the
source of the fractionation is a kinetic isotope effect. The resultant
fractionation in nitrogen favored the light (14N) isotope in the
aerosol, with N/C ratios varying from 0.13 — 0.31. Ongoing work
includes probing the effects of pressure and temperature on the
direction and magnitude of the stable isotope fractionation. We will
present results alongside interpretation of the driving processes, as
well as implications for Titan if similar fractionation occurred
during aerosol formation in the atmosphere.

[1] Sebree, J.A., Stern, J.C., Mandt, K.E., Domagal-Goldman, S.D.,
and Trainer, M.G.: 13C and 15N Fractionation of CH4/N2 Mixtures
during Photochemical Aerosol Formation: Relevance to Titan,
Icarus, in press, 2015, d0i:10.1016/j.icarus.2015.04.016.

Author(s): Melissa G Trainerl, Jennifer C. Sternl, Joshua A.
Sebree3, Thomas J. Gautierl, Javier A. Fuentes1, Shawn D.
Domagal-Goldman1, Kathleen E. Mandt2

Institution(s): 1. NASA Goddard Space Flight Center, 2.
Southwest Research Institute, 3. University of Northern Iowa

205.07 — New results from the analyses of the solid
phase of the NASA Ames Titan Haze Simulation (THS)
experiment

In Titan’s atmosphere, a complex chemistry occurs at low
temperature between No and CH that leads to the production of
heavy organic molecules and subsequently solid aerosols. The
Titan Haze Simulation (THS) experiment was developed at the
NASA Ames COSmIC facility to study Titan’s atmospheric
chemistry at low temperature. In the THS, the chemistry is
simulated by plasma in the stream of a supersonic expansion. With
this unique design, the gas is cooled to Titan-like temperature
(~150K) before inducing the chemistry by plasma, and remains at
low temperature in the plasma (~200K). Different N2—CH4-based
gas mixtures can be injected in the plasma, with or without the
addition of heavier molecules, in order to monitor the evolution of
the chemical growth.

Following a recent in situ mass spectrometry study of the gas phase
that demonstrated that the THS is a unique tool to probe the first
and intermediate steps of Titan’s atmospheric chemistry at low
temperature (Sciamma-O’Brien et al., Icarus, 243, 325 (2014)), we
have performed a complementary study of the solid phase. The
findings are consistent with the chemical growth evolution
observed in the gas phase. Grains and aggregates form in the gas
phase and can be jet deposited onto various substrates for ex situ
analyses. Scanning Electron Microscopy images show that more
complex mixtures produce larger aggregates, and that different
growth mechanisms seem to occur depending on the gas mixture.
They also allow the determination of the size distribution of the
THS solid grains. A Direct Analysis in Real Time mass spectrometry
analysis coupled with Collision Induced Dissociation has detected
the presence of aminoacetonitrile, a precursor of glycine, in the
THS aerosols. X-ray Absorption Near Edge Structure (XANES)
measurements also show the presence of imine and nitrile
functional groups, showing evidence of nitrogen chemistry.
Infrared and uIR spectra of samples deposited on KBr and Si
substrates show the presence of more aromatic functional groups
for more complex gas mixtures, and allowed the determination of
the samples’ thickness. These complementary studies show the
potential of THS to better understand Titan’s chemistry and the
origin of aerosol formation.

Author(s): Ella Sciamma-O'Brien1, Kathleen T. Upton2,
Jesse L. Beauchamp2, Farid Salamal

Institution(s): 1. NASA Ames Research Center, 2. Noyes
Laboratory of Chemical Physics and the Beckman Institute -
Caltech

205.08 — Aerosol properties in Titan's upper



atmosphere from UVIS airglow observations

Multiple Cassini observations reveal that the abundant aerosol
particles in Titan's atmosphere are formed at high altitudes,
particularly in the thermosphere [1]. They subsequently fall
towards the lower atmosphere, and in their path, their size, shape,
and population change in reflection to the variable atmospheric
conditions.

Although multiple observations can help us retrieve information
for the aerosol properties in the lower atmosphere [2], we have
limited knowledge for their properties in the altitude range between
their formation region in the thermosphere, and the upper region
of the main haze layer. UVIS is one of a few instruments that can
probe this part of the atmosphere and allow for the retrieval of the
aerosol properties.

Here we analyze observations of atmospheric airglow that
demonstrate the signature of N5 emissions and light scattering
from aerosol particles, at different altitudes above 500 km [3]. We
fit these observations with a combined model of N5 airglow [4] and
atmospheric scattering by gases and aerosols that allows us to
separate the pure scattering component and retrieve the aerosol
size (distribution) and density. We particularly focus on
observations from the T32 flyby that probed high southern
latitudes in 2007 and combine good altitude resolution with high
signal to noise ratio. We combine these with observations at
different phase angles and observing geometry conditions (nadir
vs. limb) in order to set better constraints on the aerosol properties.
Our preliminary results demonstrate an increase in the average
particle size with decreasing altitude in the atmosphere, from about
10 nm at 800 km to ~50 nm at 500 km, and an extinction profile at
185 nm wavelength, similar to the profile derive from UVIS
occultation measurements at lower latitudes [5].

[1] Lavvas et al. 2013. PNAS, doi/10.1073/pnas.1217059110, and
references therein.

[2] Tomasko et al. 2008, PSS, 56, p.669; Bellucci et al. 2009, Icarus
201, p.198

[3] Ajello et al. 2008, GRL, 35, Lo6102.

[4] Lavvas et al. 2015. Icarus, 260, p.29.

[5] Koskinen et al. 2011. Icarus, 216, p.507.

Author(s): Panayotis Lavvas2, Tommi Koskinen5, Emilie
Royer4, Pascal Rannoul, Robert A West3

Institution(s): 1. GSMA, 2. GSMA/CNRS, 3. JPL, 4. LASP, 5.
University of Arizona

205.09 — Retrievals of Aerosol and Hydrocarbon
Abundances in the Atmosphere of Titan from Cassini
UVIS Stellar Occultation Measurements

We present retrievals of haze optical properties and hydrocarbon
abundances in the atmosphere of Titan from Cassini UVIS stellar
occultation observations of the upper atmosphere above 300 km.
These measurements focus on the extinction in the far ultraviolet
(FUV) wavelengths between 140 and 190 nm and include data from
multiple Titan flybys across several latitudes and longitudes.
Coherent structures in the optical depth profile are seen to vary by
tens of kilometers in altitude across different latitudes, while also
varying temporally on time scales of months and years.
Comparisons of these extinction estimates with the results of our
aerosol microphysics model suggest that processes aside from
sedimentation, diffusional transport, and Brownian coagulation are
taking place. The UVIS spectrographs also provide measurement of
the scattered solar spectrum, which can be used to calculate the
real part of the aerosol index of refraction. At the same time, the
phase angle distribution and absolute flux of the scattered
spectrum, in combination with the extinction, can be used to
estimate other physical properties of the scattering particles. Thus,
our results provide valuable constraints for models of Titan
photochemistry and haze formation throughout this region of the
upper atmosphere.

Author(s): Siteng Fan1, Joshua A. Kammer4, Peter Gaol,
Mao-Chang Liang3, Donald E. Shemansky2, Yuk L. Yung!
Institution(s): 1. Division of Geological and Planetary Sciences,
California Institute of Technology, 2. Planetary and Space Science
Division, Space Environment Technologies, 3. Research Center for
Environmental Changes, Academia Sinica, 4. Southwest Research
Institute

207 — Harold C. Urey Prize: No Photon Left
Behind: How Modern Spectroscopy is
Transforming Planetary Sciences, Geronimo
Villanueva (NASA Goddard Space Flight
Center)

207.01 — No photon left behind: How modern
spectroscopy is transforming planetary sciences

The advent of sensitive high-resolution spectrometers and modern
analytical spectroscopic tools is opening new windows in the
exploration of planetary atmospheres. High-resolution infrared
spectrometers with broad spectral coverage at ground-based
observatories (e.g., Keck, IRTF, VLT) and arrays of radio telescopes
with state of the art receivers (e.g., ALMA) now permit the
exploration of the kinematics, composition and thermal structure
of a broad range of planetary sources with unprecedented
precision. These, combined with the advent of comprehensive
spectroscopic databases containing billions of lines, robust
radiative transfer models, and unprecedented available
computational power, are transforming the way we investigate
planetary atmospheres.

Such advances have allowed us to obtain the first mapping of water
D/H on Mars (Villanueva et al. 2015), to obtain one of the most
comprehensive searches for organics in the Martian atmosphere
(Villanueva et al. 2013), and to obtain the first measurement of
water D/H of a periodic comet (Villanueva et al. 2009).

In this talk, I will present the current frontiers in the exploration of
planetary atmospheres and how the synergies between future
space (e.g., ExoMars 2016, JWST) and ground astronomical assets
(e.g., TMT, E-ELT) will transform our understanding of the
composition, stability and evolution of the atmospheres in the
Solar System and beyond.

Villanueva, G.L., et al. 2009. Astrophys. J. Lett. 690 (1). pp. L5—L9.
Villanueva, G.L., et al. 2013. Icarus 223 (1). pp. 11—27.

Villanueva, G.L., et al. 2015. Science 348 (6). pp. 218—221.

Author(s): Geronimo Luis Villanueval
Institution(s): 1. NASA - Goddard Space Flight Center

208 — Changing Perspectives on Mercury
and the Moon, Brett Denevi (Johns Hopkins,
APL)

208.01 — Changing Perspectives on Mercury and the
Moon

Airless, cratered, and not so different in size, the Moon and
Mercury form a natural pair in the inner Solar System. For decades
after the 1974 and 1975 Mariner 10 flybys of Mercury, with little
compositional information, no concrete evidence for volcanism,
and images of less than half of the planet, it was thought that
Mercury’s surface may be similar to the lunar highlands: an ancient
anorthositic flotation crust subsequently shaped mainly by impact
cratering. However, observations from the recently completed
MESSENGER mission to Mercury have upended our view of the
innermost planet, revealing, for example, a crust that may be rich
in graphite and that has been extensively resurfaced by volcanic
activity, and geologic activity that may continue today to produce
enigmatic “hollows” — a crust very different from that of the Moon.
Meanwhile, the Moon has undergone its own revolution, as data
from recent spacecraft such as the Lunar Reconnaissance Orbiter
reveal sites of silicic volcanism indicative of complex differentiation

36



in the mantle, tectonic activity that may be ongoing, recent volcanic
activity that alters the paradigm that volcanism died on the Moon
over a billion years ago, and evidence that the early chronology of
the inner Solar System may not be as well known as once thought.
As our views of these two bodies evolve, a new understanding of
their differences informs our knowledge of the variety of processes
and styles of planetary evolution, and their similarities point to
commonalities among all airless bodies.

Author(s): Brett W. Denevil
Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory

209 — Vesta and Ceres by the Light of Dawn,
Christopher Russell (UC, Los Angeles)

209.01 — Vesta and Ceres by the light of Dawn

Ceres and Vesta are the most massive bodies in the main asteroid
belt. They both appear to be intact protoplanets whose growth may
have been drastically altered by the concomitant formation of
Jupiter.. These two bodies have witnessed 4.6 Ga of solar system
history, much, but not all, of which has been recorded in their
surfaces. Dawn’s objective is to interview these two witnesses to
learn as much as possible about the early epoch. These bodies are
protoplanets, our best archetypes of the early building blocks of the
terrestrial planets. In particular, siderophile elements in the Earth’s
core were probably first segregated in Vesta-like bodies, and its
water was likely first condensed in Ceres-like bodies.

Many of the basaltic achondrites originated from a common parent
body. Dawn verified that Vesta was consistent with that parent
body. hence strengthening geochemical inferences from these
samples on the formation and evolution of the solar system and
supporting hypotheses for their delivery from Vesta to Earth. Ceres
has not revealed itself with a meteoritic record. While the surface is
scarred with craters, it is probable that the ejecta from the crater-
forming event created little competent material from the icy crust
and any such ejected projectiles that reached Earth might have
disintegrated upon entry into the Earth’s atmosphere.

Ceres’ surface differs greatly from Vesta’s. Plastic or fluidized mass
wasting is apparent, as are many irregularly shaped craters,
including many polygonal crater forms. There are many central-pit
craters possibly caused by volatilization of the crust in the center of
the impact. There are also many central-peak craters, which were
made by rebound or pingo-like formation processes. Bright
deposits dot the landscape, which are possibly salt-rich, suggesting
fluvial activity beneath the crust. Observations of the brightest
spots on Ceres could suggest sublimation from the surface of the
bright area, which may be water vapor driven, as Herschel
observations suggest. Ceres is not only the most massive body in
the asteroid belt but also possibly the most active.

Author(s): Christopher T. Russelll
Institution(s): 1. UC, Los Angeles

210 — Pluto System

210.01 — New Horizons disk-integrated approach
photometry of Pluto and Charon

Approach and cruise observations of Pluto and Charon by NASA's
New Horizons LOng Range Reconnaissance Imager ("LORRI")
allow monitoring of Pluto not only at phase angles beyond Earth's
2 degree limit, but present a near constant sub-observer latitude of
43 degrees. However, the creation of light curves and solar phase
curves of the pair prove to be an interesting challenge. Early images
of the pair from July 2013 are barely resolved and have low signal,
while later images show the pair clearly resolved and at sufficient
resolution. Just at the Pluto approaches the signal level and image
quality of prior HST images, surface features become resolved,
rendering disk integrated photometry increasingly difficult and
inaccurate, with the largest discrepancies found at longitudes
which show the intersection of features informally named
Tombaugh Regio ("the heart") and Cthulhu Macula ("the whale").
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Now, post flyby, accurate knowledge of the radius and the shapes
of surface features and their patterns of dark and light, allow for the
creation of custom PSFs created from flyby maps. Using these
maps, we present disk-integrated approach photometry, a solar
phase curve and estimate Hapke parameters, taking into account
the sub-observer position.

This work was supported by the NASA New Horizons Project.

Author(s): Amanda M. Zangari4, Marc W. Buie4, Bonnie J.
Burattil, Anne J. Verbiscer5, C. J. A. Howett4, H. A. Weaver2,
Catherine B. Olkin4, Kimberly Ennico3, Leslie A. Young4, S. A.
Stern4

Institution(s): 1. Jet Propulsion Laboratory, California Inst. of
Technology, 2. Johns Hopkins University Applied Physics
Laboratory , 3. NASA Ames Research Center, 4. SWRI, 5.
University of Virginia

210.02 — On the Departure from Isothermality of
Pluto's Volatile Ice due to Local Insolation and
Topography

Pluto’s atmosphere is known to be supported by the vapor pressure
of ices that are volatile at low temperature, primarily No and
secondarily CH,4 and CO. The atmospheric bulk is regulated by the
globally average temperature of the ice, which is determined by a
radiative balance between the diurnally average insolation
absorbed globally by the volatile ice and the global volatile ice
thermal radiation. This bulk is sufficient that Pluto’s atmosphere is
close to hydrostatic equilibrium, though this may not remain so as
Pluto continues to move towards aphelion. With the weight of the
atmosphere currently distributed evenly around the body, the ice
temperature is expected to be globally isothermal in absence of
topographic variations, due to the transport of latent heat from
regions of high insolation to low insolation through sublimation
and condensation. Images returned from the New Horizons
spacecraft show topographical features, including mountain ranges
that extend above 3.5 km, with albedo variations that suggest a
topographical dimension or dependence of the volatile ice deposits.
In general, the conditions often applied to a volatile atmosphere of
hydrostatic equilibrium and vapor-solid phase equilibrium are
approximations that may not always both be appropriate. This is
particularly the case in the presence of topography when the
atmospheric lapse rate differs from the wet adiabat. We present our
results of an investigation of the effect of variable insolation and
topography on Pluto’s local ice temperature assuming an
atmosphere close to hydrostatic equilibrium.

Author(s): Laurence M. Trafton2, John A. Stansberryl
Institution(s): 1. Space Telescope Science Institute, 2. Univ. of
Texas at Austin

210.03 — New Horizons and Hubble Space Telescope
Photometry of Nix and Hydra

New Horizons has provided the first spatially-resolved images of
Pluto’s small satellites, enabling the characterization of albedo and
scattering properties across their surface. Application of
photometric models to yield the physical properties of airless
planetary surfaces requires observations spanning the broadest
possible range of viewing and illumination geometries, from full
disk to thin crescent. While New Horizons observed the Pluto
system at phase angles no smaller than 15°, full-disk Hubble Space
Telescope images (HST Program 13367, M. Buie, PI) at phase
angles between 0.06° and 1.7° constrain the phase function near
opposition. Together with New Horizons disk-resolved images, we
use the near-opposition phase function to test whether ejecta
exchange (Stern 2009, Icarus 199, 571) affects photometric
properties. With direct measurements of small satellite sizes from
New Horizons, we can determine the disk-integrated geometric
albedo by extrapolating the HST observations to zero phase. New
Horizons observations at larger phase angles reveal surface
roughness and directional scattering properties. Finally we place
the photometric properties of Pluto’s small satellites in context with
those of similar size in other planetary systems. This work was
supported in part by the NASA New Horizons Project.
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Binzel4, Marina Brozovicl, Kimberly Ennico5, William M.
Grundy3, Robert Jacobson1, Cathy B. Olkin7, Mark R. Showalterb,
John R. Spencer7, Sol Alan Stern7, Hal A. Weaver2, Leslie A.
Young7
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Massachusetts Institute of Technology, 5. NASA Ames Research
Center, 6. SETI Institute, 7. Southwest Research Institute, 8.
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210.04 — Long Wavelength Observations of Thermal
Emission from Pluto and Charon with ALMA

Long wavelength observations of Pluto can determine atmospheric
temperatures, abundances, and vertical distributions for those
molecules that have transitions at these wavelengths. In addition,
observations of both Pluto and Charon can elucidate their surface
and subsurface temperatures and surface compositions (and
distribution, with enough resolution). We have used the Atacama
Large Millimeter Array (ALMA) to observe the CO and HCN in the
atmosphere of Pluto, and to observe thermal emission from the
two bodies, where the resolution is enough to separate them (but
not enough to resolve each individually). We report here on the
thermal emission observations, and separately at this meeting on
the CO [1] and HCN [2] observations. We observed the
Pluto/Charon system with ALMA on June 12 and 13, 2015, ata
wavelength of ~0.86 mm. Both days provide separate observations
of the thermal emission from Pluto and Charon. We find a
preliminary value of the brightness temperature of the two bodies
of 35 K and 46 K with variation of less than 1 K between the two
days and SNR of > 300 for Pluto and > 100 for Charon. This is
similar to previous observations of the separate thermal emission
of the two bodies with the Submillimeter Array (SMA) [3] and Very
Large Array (VLA) [4]. We will discuss the implications of these
measured brightness temperatures and the apparent lack of
significant variation between the two days (longitudes).

[1] Gurwell et al., this meeting. [2] Lellouch et al., this meeting. [3]
Gurwell & Butler, BAAS 37, 2005. [4] Butler et al. BAAS 43, 2010.

Author(s): Bryan J. Butler5, Mark Gurwell3, Emmanuel
Lellouch®, Arielle Moullet5, Raphael Moreno®, Dominique
Bockelee-Morvan®, Nicolas Biver6, Thierry Fouchet6, Darek Lis2,
Alan Stern8, Leslie Young8, Eliot Young8, Hal Weaver4, Jeremie
Boissierl, John Stansberry7

Institution(s): 1. Institut de Radio-Astronomie Millimétrique, 2.
Caltech, 3. Harvard-Smithsonian Center For Astrophysics, 4. JHU
APL, 5. NRAO, 6. Observatoire de Paris , 7. STScl, 8. SWRI

210.05 — The Radii and Oblateness of Pluto and
Charon: Preliminary Results from the 2015 New
Horizons Flyby

We present preliminary results for the radii and oblateness of Pluto
and Charon. Accurate determinations of the mean radii of Pluto
and Charon are important for establishing their densities and bulk
composition. A fossil bulge, if present, would place constraints on
the thermal and orbital evolution of these bodies [1,2]. The New
Horizons LORRI imaging system [3] has provided global images of
Pluto and Charon, with best resolutions of 3.8 and 2.3 km/pix,
respectively. Three separate approaches have been used to
determine mean radii and oblateness from the images, two using a
threshold DN value [4,5] and one using a maximum gradient
method. These approaches were validated using synthetic images
having a range of photometric functions. Tradeoffs between the
limb center location and the derived shape in individual images can
be reduced by combining limb pixel locations obtained from
different imaged rotational phases.

This work was supported by NASA's New Horizons project.

[1] Robuchon & Nimmo, Icarus 216, 426, 2011. [2] McKinnon &
Singer, DPS 46, abs. no. 419.07, 2014. [3] Cheng et al., SSR 140,
189, 2008. [4] Dermott & Thomas, Icarus 73, 25, 1988. [5]
Thomason & Nimmo, LPSC 46, abs. no. 1462, 2015.
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210.06 — Geomorphological Mapping of Sputnik
Planum and Surrounding Terrain on Pluto

The New Horizons flyby of Pluto in July 2015 has provided the first
few close-up images of the Kuiper belt object, which reveal it to
have a highly diverse range of terrains, implying a complex
geological history. The highest resolution images that have yet
been returned are seven lossy 400 m/pixel frames that cover the
majority of the prominent Plutonian feature informally named
Sputnik Planum (all feature names are currently informal), and its
surroundings. This resolution is sufficient to allow detailed
geomorphological mapping of this area to commence. Lossless
versions of all 15 frames that make up the mosaic will be returned
in September 2015, and the map presented at DPS will incorporate
the total area covered by these frames.

Sputnik Planum, with an area of ~650,000 km2, is notable for its
smooth appearance and apparent total lack of impact craters at 400
m/pixel resolution. The Planum actually displays a wide variety of
textures across its expanse, which includes smooth and pitted
plains to the south, polygonal terrain at its center (the polygons can
reach tens of kilometers in size and are bounded by troughs that
sometimes feature central ridges), and, to the north, darker
polygonal terrain displaying patterns indicative of glacial flow.
Within these plains there exist several well-defined outcrops of a
mottled, light/dark unit that reach from several to tens of
kilometers across. Separating Sputnik Planum from the dark,
cratered equatorial terrain of Cthulhu Regio on its south-western
margin is a unit of chaotically arranged mountains (Hillary
Montes); similar mountainous units exist on the south and
western margins. The northern margin is bounded by rugged, hilly,
cratered terrain (Cousteau Rupes) into which ice of Sputnik
Planum appears to be intruding in places. Terrain of similar relief
exists to the east, but is much brighter than that to the north. The
southernmost extent of the mosaic features a unit of rough,
undulating terrain (Pandemonium Dorsa) that displays very few
impact craters at 400 m/pixel resolution.

This work was supported by the NASA New Horizons project.

Author(s): Oliver Whitel, Alan Stern2, Hal Weaver3, Cathy
Olkin2, Kimberly Ennicol, Leslie Young2, Jeff Moorel
Institution(s): 1. NASA Ames Research Center, 2. Southwest
Research Institute, 3. The Johns Hopkins University Applied
Physics Laboratory

210.07 — Probing Pluto's Underworld : Predicted Ice
Temperatures from Microwave Radiometry
Decoupled from Surface Conditions

The Pluto dwarf planet has been successfully observed in July 2015
by the New Horizons spacecraft (NASA) during a close-targeted
flyby which reavealed surprising and fascinating landscapes. While
data are still being downlinked on the ground, we propose to
present a prediction of the observation of the Radio Science
Experiment experiment (REX) that occured on July 14, 2015 and
aimed at measuring the microwave brightness temperature of
Pluto’s night side.

Present models admit a wide range of 2015 surface conditions at
Pluto and Charon, where the atmospheric pressure may undergo
dramatic seasonal variation and for which measurements have
been performed by the New Horizons mission. One anticipated
observation is the microwave brightness temperature, heretofore
anticipated as indicating surface conditions relevant to surface-
atmosphere equilibrium. However, drawing on recent experience
with Cassini observations at Iapetus and Titan, we call attention to
the large electrical skin depth of outer solar system materials such
as methane, nitrogen or water ice, such that this observation may
indicate temperatures averaged over depths of several or tens of
meters beneath the surface.



Using a seasonally-forced thermal model to determine microwave
emission we predict that the southern hemisphere observations (in
the polar night in July 2015) of New Horizons should display
relatively warm effective temperatures of about 40 K. This would
reflect the deep heat buried over the last century of summer, even
if the atmospheric pressure suggests that the surface nitrogen frost
point may be much lower. We will present our predictions and
discuss their impact for the interpretation of the REX
measurements.

Author(s): Alice Le Gall2, Ralph Lorenzl, Cedric Leyrat3
Institution(s): 1. APL, 2. LATMOS, 3. LESIA

210.08 — The visible spectrum of Pluto: secular and
longitudinal variation

Continuous near-infrared spectroscopic observations during the
last 30 years enabled the characterization of the Pluto's surface and
the study of its variability. Nevertheless, only few data are available
in the visible range, where the nature of the complex-organics can
be studied.

For this reason, we started an observational campaign to obtain the
Pluto's relative reflectance in the visible range, with the aim of
characterizing the different components of its surface, and
providing ground based observations in support of the New
Horizons mission. We observed Pluto on six nights in 2014, with
the imager/spectrograph ACAM@WHT (La Palma, Spain). We
obtained six spectra in the 0.40 — 0.93 pm range, that covered a
whole Pluto's rotational period (6.4 days).

To study longitudinal variations, we computed for all the spectra
the spectral slope, and the position and the depth of the methane
ice absorption bands. Also, to search for secular or seasonal
variations we compared our data with previously published results.
All the spectra present a red slope, indicating the presence of
complex organics on Pluto's surface, and show the methane ice
absorption bands between 0.73 and 0.90 um. We also report the
detection of the CH,4 absorption band at 0.62 um, already detected
in the spectra of Makemake and Eris. The measurement of the
band depth at 0.62 um in the new spectra of Pluto, and in the
spectra of Makemake and Eris, permits us to estimate the Lambert
coefficient, not measured yet at this wavelength, at a temperature
of 30 K and 40 K.

We find that all the CH4 bands present a blue shift. This shift is
minimum at the Charon-facing hemisphere, where the CH4 is also
more abundant, indicating a higher degree of saturation of éH 4in
the CH4:N dilution at this hemisphere.

Comparing with data in the literature, we found that the
longitudinal and secular variations of the parameters measured in
our spectra are in accordance with previous results and with the
distribution of the dark and bright material as showed by the
Pluto's albedo maps from New Horizons.

In 2015, new observations were run quasi-simultaneously with the
New Horizons flyby at 10 different Pluto longitudes (July 3 to 14) .
The data are currently being reduced.

Author(s): Vania Lorenzi2, Noemi Pinilla-Alonso1, Joshua P.
Emeryl, Javier Licandro3, Dale P. Cruikshank6, Will Grundy4,
Richard P. Binzel5
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Massachusetts Institute of Technology, 6. NASA Ames Research
Center

210.09 — New rotationally resolved spectra of Pluto-
Charon from 350 - 900 nm

We are using the 11-meter Southern African Large Telescope
(SALT) to acquire high-resolution rotationally resolved visible
spectra of Pluto-Charon. We use the Robert Stobie Spectrograph
(RSS) to observe Pluto-Charon from 350 nm to 900 nm. At 500
nm, resolution is 0.05 nm (R ~ 10,0000) and SNR per spectral
resolution element is ~ 500.

We planned observations for 13 dates during June-September
2014, and 13 more dates during June-September 2015. The
observations for each season were spaced so as to equally sample

Pluto's 6.5-day rotational period. As of the abstract submission, we
have data from 11 nights (2014) and 9 nights (2015) in hand. Most
of the observations were taken with observations of solar-type star
HD 146233 to determine the surface reflectivity.

Our results will provide constraint on the composition and spatial
distribution of material on Pluto's surface, enabling comparison to
previous epochs and near-infrared results, and giving a
ground-truth for New Horizons' July 2015 flyby. In addition, our
data will allow us to search for new spectral features in the range
350 nm to 600 nm, at a sensitivity substantially higher than
previously published searches.

Author(s): Henry B. Throop2, Will Grundy?!, Cathy B Olkin4,
Leslie A Young4, Amanda A Sickafoose3

Institution(s): 1. Lowell Observatory, 2. PSI, 3. South African
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210.10 — Spectroscopy of Pluto's Surface from 2.8 - 3.6
pm during the New Horizons Flyby

Spectroscopy of Pluto in the 1 - 2.5 pm range has produced key
results over the past two decades: identification of nitrogen, CO,
methane and ethane ices, longitudinal variability in the
concentrations of these ices, evidence of dissolved vs. pure
methane and nitrogen ices, and the surface temperature and
crystalline state of nitrogen ice (e.g., Douté et al., 1999; Holler et
al., 2014). Only a few spectra have been published at wavelengths
from 2.5 - 5 um (e.g., Protopapa et al., 2008; Olkin et al. , 2007),
but these few L- and M-band spectra changed our interpretation of
Pluto's surface: the depth of the 3.3 um methane band precludes
significant regions of pure of nitrogen ice, the slope of the methane
band at 3.1-3.2 um is sensitive to the fraction of pure methane vs.
methane that is diluted in nitrogen frost, and an absorption feature
at 4.67 um needs an identified source (but could be due to CO,
CHS3D or other constituent). The LEISA instrument on New
Horizons obtained spectra of Pluto's surface at wavelengths
between 1.25 - 2.5 um. To complement the spacecraft
instrumentation, we observed Pluto's disk-integrated spectra from
2.8 - 3.6 um on two half-nights (12-JUL-2015 and 14-JUL-2015
(UT)) using the NIRSPEC spectrograph at the W.M. Keck
Observatory. Conditions were excellent throughout most of the
observing run, with seeing under 0.5" at K. We will compare our
results to observations obtained in 2001 with the same instrument
and report on evidence for surface constituents that have been
found at shorter wavelengths.
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210.11 — Glacial Flow on and onto Sputnik Planum

Sputnik Planum (SP)[1,2] is the high albedo apparently crater-free
western portion of Tombaugh Regio imaged in July by the New
Horizons LORRI instrument. The relatively high resolution (400
m/pix) LORRI mosaics of the northern portions of the planum
bordered by the Cousteau Rupes (CR) scarp reveal surface patterns
highly suggestive of viscous flow dynamics. Spectroscopic
measurements of SP taken by the New Horizons LEISA instrument
also indicate that SP is a region containing a significant amount of
col2]. It has also been long known that CO and N are associated
with one another on SP[3-4]. Taken together these observations
suggest the possibility that the high albedo material on SP is a
volatile ice mix possibly flowing atop a bedrock-like substrate. The
apparent notable lack of craters on SP strongly suggests that the
flow processes act on relatively fast geologic timescales. Using the
known properties of various volatile ice mixtures in the
temperature range of interest, we formulate and implement a
numerical landform evolution model in order to examine a number
of hypothetical evolutionary scenarios for SP and its environs. This
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210.12 — A Central Flash at an Occultation of a Bright
Star by Pluto Soon Before New Horizons' Flyby

From the Mt. John Observatory, New Zealand, we were so close to
the center of the occultation path on 29 June 2015 UTC that we
observed a modest central flash from the focusing of starlight from
a 12th-magnitude star. The star was one of the brightest ever in our
years of continual monitoring that started in 2002. At the time of
Pluto's perihelion in 1989, it was feared from models that Pluto's
atmosphere might collapse by now, a motivation for the timely
launch of New Horizons; some models now allow Pluto to retain its
atmosphere throughout its orbit.

We used our frame-transfer CCD at 10 Hz with GPS timing on the
1-m McLellan telescope of Canterbury U. We also observed with a
Lowell Obs. infrared camera on the "AAVSO" 0.6-m Optical
Craftsman telescope; and obtained 3-color photometry at a slower
cadence on a second 0.6-m telescope. We coordinated with the
overflight of SOFIA and its 2.5-m telescope, which benefited from
last-minute astrometry, and the Auckland Observatory's and other
ground-based telescopes.

Our light curves show a modest central flash; our tentative
geometrical solution shows that we were only about 50 km from
the occultation path's centerline. The flash is from rays lower than
otherwise accessible in Pluto's atmosphere. Our light curves, at
such high cadence that we see spikes caused by atmospheric effects
that we had not seen so well since our 2002 Mauna Kea occultation
observations, show that Pluto's atmosphere had not changed
drastically since our previous year's observations. Our data provide
along-term context for New Horizon's highly-detailed observations
of Pluto's atmosphere in addition to providing a chord for the
geometrical solution that includes SOFIA's observations.

Our observations were supported by NASA Planetary Astronomy
grants NNX12AJ29G to Williams College, NNX15AJ82G to Lowell
Observatory, and NNX10AB27G to MIT, and by the National
Research Foundation of South Africa. We are grateful to Alan
Gilmore, Pam Kilmartin, Robert Lucas, and Carolle Varughese for
assistance at Mt. John. We thank the AAVSO for use of the
AAVSOnet 0.6-m telescope and Arne Henden for assistance.

Author(s): Jay M. Pasachoff7, Bryce A. Babcock?7, Rebecca F.
Durst7, Christina H. Seeger7, Stephen E. Levinel, Amanda S.
Bosh2, Amanda A. Sickafoose2, Michael J. Person2, Fumio Abe4,
Daisuke Suzuki5, Masayuki Nagakane®, Paul J. Tristam3
Institution(s): 1. Lowell Obs., 2. MIT, 3. Mt. John U. Obs., 4.
Nagoya U., 5. Notre Dame, 6. Osaka U., 7. Williams College

210.13 — Placing SOFIA in the central flash for the 29
June 2015 Pluto Occultation

We report on the astrometry prediction process carried out for the
29 June 2015 occultation of an 11.9 magnitude star by Pluto. The
occultation star, UCAC2 139-209445 was first identified in 2013 as
a good candidate for an occultation to be observed with
Stratospheric Observatory for Infrared Astronomy (SOFIA) due to
the circumstances of the event. In addition, the event's proximity to
the New Horizons encounter with Pluto made the event even more
timely. We were awarded time on SOFIA for the Pluto occultation
in 2014. From mid-2014 up through the night of the occultation,
we tracked Pluto's position. We collected astrometric data from
four telescopes: the SARA-CT telescope located in Cerro Tololo
International Observatory, Chile; the Lowell Observatory 42-inch

Hall telescope; the Lowell Observatory 4.3-m Discover Channel
Telescope, both in Flagstaff, AZ; and the USNO 1.55-m Kaj Strand
telescope in Flagstaff, AZ. The objective of the astrometric
observations was to improve the prediction enough to place the
aircraft within the central flash zone (approximately +75 km, 5mas,
from the center line of the Pluto shadow).

The prediction uncertainties included those of the star position and
proper motion, Pluto ephemeris offset, potential zone-dependent
offsets in the reference catalog, unknown stellar duplicity, and
center-of-mass to center-of-light offsets. Over the two years since
we identified this event as promising, we worked to steadily
decrease each of the sources of uncertainty.

We communicated prediction updates to the SOFIA flight planning
team. We provided a pre-take-off update, which was then followed
by a later in-flight update that necessitated a change in the flight
plan of 320 km. The crew were able to implement this change and
SOFIA was able to capture the central flash of this event (Bosh et
al., and Person et al., this conference).
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210.14 — Constraints on Pluto's Hazes from 2-Color
Occultation Lightcurves

The controversial question of aerosols in Pluto's atmosphere first
arose in 1988, when features in a Pluto occultation lightcurve were
alternately attributed to haze opacity (Elliot et al. 1989) or a
thermal inversion (Eshleman 1989). A stellar occultation by Pluto
in 2002 was observed from several telescopes on Mauna Kea in
wavelengths ranging from R- to K-bands (Elliot et al. 2003). This
event provided compelling evidence for haze on Pluto, since the
mid-event baseline levels were systematically higher at longer
wavelengths (as expected if there were an opacity source that
scattered more effectively at shorter wavelengths). However,
subsequent occultations in 2007 and 2011 showed no significant
differences between visible and IR lightcurves (Young et al. 2011).
The question of haze on Pluto was definitively answered by direct
imaging of forward-scattering aerosols by the New Horizons
spacecraft on 14-JUL-2015. We report on results of a bright stellar
occultation which we observed on 29-JUN-2015 in B- and H-bands
from both grazing and central sites. As in 2007 and 2011, we see no
evidence for wavelength-dependent extinction. We will present an
analysis of haze parameters (particle sizes, number density profiles,
and fractal aggregations), constraining models of haze distribution
to those consistent with and to those ruled out by the occultation
lightcurves and the New Horizons imaging.
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210.15 — The State of Pluto's Bulk Atmosphere at the
Time of the New Horizons Encounter

On 29-JUL-2015, our team - plus many critical amateur
astronomers - observed a stellar occultation by Pluto from sites in
Australia and New Zealand. This event was remarkable for two
reasons: it preceded the New Horizons flyby of Pluto by just two
weeks, and the occulted star was about 10x brighter than Pluto
itself, by far the brightest Pluto occultation event observed to date.
The separation of ground sites spanned nearly 9oo km with respect
to the central chord, allowing a good geometric solution for the
shadow path. The lightcurves show some inflection points and
broad "fangs" that are characteristic of perturbations in the
temperature profile. Preliminary fits show that the temperature
profile derived from a 2006 occultation (Young et al. 2008)
reproduces the 29-JUN-2015 lightcurves well. Assuming a surface
radius of 1187 km for Pluto, we find that the surface pressure is 18
+/- 3 ubar. This pressure indicates that Pluto's surface has not yet
started to cool down, despite a decrease in absorbed solar flux of
more than 17% since perihelion in 1988. A surface pressure of 18
ubar would correspond to a nitrogen ice surface temperature of
38.0K.
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210.16 — Predictions for the escape of CH, from Pluto
Observations of Pluto’s extended atmosphere by the New
Horizons/ALICE instrument have the potential to constrain
models of energy-limited escape from planetary atmospheres. Such
models have wide applicability, ranging from dwarf planets in the
solar system to giant extrasolar planets, but the opportunities to
test them in actual atmospheres are limited. We adapted a multi-
species escape model from close-in extrasolar planets to calculate
the escape rates of CH4 and N from Pluto. In the absence of
escape, CH4 should overtake No as the dominant species below the
exobase. Theory suggests, however, that Pluto’s atmosphere
undergoes rapid escape that leads to a nearly constant CH4 mixing
ratio of about 1 % below the exobase, with CH, escaping at a rate
that is only 5-10 % of the N escape rate. Simultaneous
observations of the N and CH4 profiles in the upper atmosphere,
together with our model, can be used to test if this is the case and
infer an estimate of the mass loss rate.

Author(s): Tommi Koskinen1, Justin T Erwinl, Roger V Yellel
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210.17 — Radiative equilibrium and escape of Pluto's
atmosphere

Observations of Pluto’s extend atmosphere by the New Horizons
spacecraft motivate an update to our modeling effort on Pluto’s
atmosphere. New Horizons observations have already improved
our constraints on planet radius and surface pressure, which are
key to modeling the atmospheric structure. We model the radiative
conductive equilibrium in the lower atmosphere combined with the
UV driven escape model of the upper atmosphere. The non-LTE
radiative transfer model in the lower atmosphere include heating
and cooling by CHy4, CO, and HCN. The escape model of the upper
atmosphere is updated to include diffusion and escape of each
molecular component. These results will be used to aid in the
analysis and better understanding of the full atmospheric
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structure.
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210.18 — Pluto's atmosphere in 2015 from
high-resolution spectroscopy

Pluto's thin N2/CH4 atmosphere is in vapor-pressure equilibrium
with ices on its surface. The atmosphere evolves seasonally with
the varying insolation pattern on Pluto's heterogenous surface,
perhaps even largely freezing out to the surface during the coldest
portion of Pluto's year. We use high-resolution
(R=25,000-50,000) near-infrared spectroscopy to resolve
atmospheric methane absorption lines from Pluto's continuum
spectra, as well as separate Pluto's atmospheric lines from the
telluric spectrum. In addition to measuring the abundance and
temperature of Pluto's atmospheric CH4, with broad wavelength
coverage we are able to search for the inevitable products of
N2/CH4 photochemistry. In 2015 we are undertaking an intensive
campaign using NIRSPEC at Keck Observatory and IGRINS
(Immersion Grating INfrared Spectrometer) at McDonald
Observatory to coincide with the New Horizons Pluto encounter.
We will report initial results from this 2015 campaign and compare
the state of Pluto's atmosphere at the time of the New Horizons
encounter with earlier years.
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210.19 — 12 years of Pluto surface's evolution
investigated with radiative transfer modeling

The evolution of Pluto’s surface through time, due to surface -
atmosphere interactions, remains unknown. New Horizons will
provide very high spatial resolution data of its surface state but only
as a snapshot. Furthermore, this evolution during the last decades
is supposed to be fast due to the recent passage of Pluto through its
perihelion (1989). Ground based survey data over a long period of
time are thus crucial to understand the long-term evolution of the
dwarf planet surface.

IRTF/SpeX reflectance spectra of Pluto have been acquired during
13 years (2001-2013) between 0.8-2.4 um (Grundy et al., 2013;
Grundy et al., 2014). This set of data present the opportunity to
monitor possible changes of the surface in terms of geographical
distribution and segregation between different chemical species
that are known to be present at the surface in an icy state (N, CHy
and CO, Owen et al., 1993, Douté et al., 1999). These variations are
recorded through changes in the infrared absorption bands of the
different ices. A study based on band criteria variation (Grundy et
al., 2013) showed that CH4 absorption bands are increasing
through time, whereas N5 and CO absorptions bands are
decreasing (Grundy et al. 2014). However, quantitative
interpretation of these data needs further investigation and
detailed radiative transfer modeling.

We used the bidirectional reflectance model of Douté & Schmitt
(1998) to fit the IRTF/SpeX spectral data. This model takes into
account a possible stratification of chemical species, a
phenomenon that is likely to occur on Pluto where CH 4 is
supposed to accumulate on a sublimating molecular mixture of
N2-CHy4-CO (Douté et al., 1999). Different modelings take into
account pure CHy ice, a molecular mixture of N2-CH4-CO, tholins
and water ice. We modeled the grand average spectra and then
allowed the parameters to vary around the average values to model
individual spectra and get quantitative variations of the different
species.

Preliminary results of these modelings will be presented in terms of
longitudinal and temporal variations. This study could provide a
useful precursor for the analysis of the spatially resolved New
Horizon hyper spectral data acquired by the RALPH /Leisa
instrument.
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210.20 — Modeling the seasonal evolution of the
surface distribution of N2, CH4 and CO ices on Pluto
to interpret New Horizons observations

The distribution of nitrogen, methane and carbon monoxide ices
on Pluto as observed by New Horizons is controlled by the intense
seasonal cycle and possibly by some internal sources. To better
understand the seasonal processes, we have developed a detailed
model of the ices cycles derived from a full Global Climate Model
(GCM, see Forget et al., this issue) but in which the transport by
the atmosphere is parametrized, based on reference GCM
simulations. This allows to simulate the seasonal ices cycles on
Pluto for thousands of years.

The resulting distribution primarily depends on the seasonal
thermal inertia used for the different ices, and is affected by the
assumed topography as well. As observed, it is possible to form
permanent deposits in the equatorial regions, with possible
longitudinal variations depending on the topography. In particular,
we will discuss how the elevation of the anti-Charon point, which is
not random since its location is the output of the Pluto-Charon
tidal locking process, may explain the formation of the Tombaugh
Regio ice deposits.
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210.21 — Pluto Photochemical Models for the New
Horizons Flyby

We have designed a state-of-the-art 1-D chemistry-transport model
for Pluto’s atmosphere as a prelude to New Horizons’ flyby on July
14, 2015 and as a tool with which to analyze and understand the
data gathered by the New Horizons spacecraft. Prior to the close
encounter, many atmospheric properties remain unknown. Our
model demonstrates the sensitivity of hydrocarbon and HCN
profiles to the eddy mixing strength in the lower atmosphere.
When the New Horizons data arrive, this model stands primed to
aid the characterization of Pluto’s atmospheric chemistry and
dynamics. If atmsopheric measurements have been
obtained/released by the time of this presentation, we will show a
comparison between our model and the data.
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210.22 — Pluto: Modeling of 3-D Atmosphere-Surface
Interactions

Atmosphere-surface interactions on Pluto are of great importance
to creating and maintaining the atmospheric variations and
heterogeneous surface that have been observed by New Horizons
and two decades' prior work. Publicly released images/data from
New Horizons contain numerous fascinating surface features and
constrasts. Insights into their origin, maintenance, and/or
evolution may be gleaned through multidisciplinary climate
modeling. Some results from such modeling will be presented, with
an emphasis on shorter-timescale interactions.

Author(s): Timothy I. Michaels1
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210.23 — Mass loss from the atmosphere of Pluto
Molecules can escape readily from the atmosphere of Pluto.
Hydrodynamic escape is a process that drives large scale escape.
The process was generally believed to produce rather small isotopic
fractionation. Here, we show that the escape highly fractionates the
isotopic composition of nitrogen. The process preferentially selects
lighter species, with an escape probability ~30% higher for the
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lighter isotopologue. This fractionation factor is higher than the
fractionations occurring in most of known processes in modifying
the distributions of molecules in the planetary atmospheres. The
validity of the model can be tested against the upcoming data,
mainly nitrogen abundance in the outer atmosphere of Pluto, from
the New Horizons. The property of the selection can significantly
modify the isotopic composition of the atmosphere, leaving the
present-day atmosphere isotopically heavier than the ancient one.
This also impacts the current view of the evolution of planetary
atmospheres. Venus, for example, may not need that much mass
loss, in order to explain the current D/H ratio.

Author(s): Mao-Chang Liangl, Chien-Chang Yenl, Ronald
Taam1l
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210.24 — Long-term Simulations of Pluto's
Atmosphere and Surface as a Coupled System

Previous work has modeled either Pluto's atmosphere or
surface/subsurface as separate entities. In reality, these two
regions should be coupled energetically and physically because of
the accumulation, sublimation, and transport of volatiles (here,
N2). Simulation results over multi-Pluto years are presented from
a general circulation model that has both detailed atmospheric and
surface/subsurface modules. As the initial model conditions that
will ultimately reproduce the observed surface pressures from New
Horizons, stellar occultation data, and spectroscopic observations
are not known, by trial and error the model is initialized with
different surface pressures and amounts of surface ice (collectively
known as the volatile inventory). This “brute force” method is now
a viable strategy given the ongoing development of the Pluto
general circulation model (based on the MIT general circulation
model dynamical core; Zalucha & Michaels 2013) and modern
supercomputing power. The coupled atmosphere and
surface/subsurface model is run until a yearly repeatable frost cycle
occurs (if at all). Surface coverage of volatiles and surface pressure
will be presented from the various scenarios. Ancillary variables
such temperature (of both the atmosphere and
surface/subsurface) and wind direction and magnitude will also be
shown for cases of particular interest.

Author(s): Angela M. Zaluchal
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210.25 — Extended Neutral Cloud around Pluto’s Orbit
Recent studies estimate the approximate escape rate of molecular
nitrogen from Pluto as well as its ionization rate. In this study, we
focus on the implications of this escaping nitrogen and the
resulting extended neutral cloud around Pluto’s orbit by simulating
the escaping nitrogen with a numerical model. Several unknown
parameters are varied, including the dependence of Pluto’s
production rate on orbital distance and the distribution of speeds at
which nitrogen is escaping Pluto.

Author(s): Evan Sidrow1, F Bagenall
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210.26 — Pluto, Near and Far: PEPSSI Measurements
of Energetic Particles During the New Horizons Flyby
and Investigating a Pluto Torus of Circumsolar
Neutral Gas

The energetic particle environment at Pluto has been unknown,
and little modeled, until this year’s historic encounter by the New
Horizon (NH) spacecraft on 14 July 2015. The first energetic
particle observations, made with the Pluto Energetic Particle
Spectrometer Science Investigation (PEPSSI) instrument, were
downlinked in August 2015. There are variations in the intensities
of suprathermal (~3-30 keV/nucleon) ions that are associated with
a combination of the position of the spacecraft relative to Pluto, the
look direction of PEPSSI, and (potentially) temporal evolution in
the system. We present the results of the near encounter with
Pluto, to as close as ~11.6 Rp (1 Rp = 1187 km), which, early
analysis shows, include large intensity variations associated with
Pluto. We also present the concept of a neutral gas torus



surrounding the Sun, aligned with Pluto’s orbit, and place
observational constraints on it based primarily on comparison of
NH measurements with a 3-D Monte Carlo model adapted from
analogous satellite tori surrounding Saturn and Jupiter. Such a
torus, or perhaps partial torus, could result from neutral No
escaping from Pluto’s exosphere. Unlike other more massive
planets, gaseous neutrals escape Pluto readily via Jeans escape
(i.e., owing to the high thermal speed relative to the escape
velocity). These neutrals are not directly observable by NH but,
once ionized to Not+ or N+ via photolysis or charge exchange, are
picked up by the solar wind, ultimately reaching ~50 keV or more,
making these pickup ions detectable by PEPSSI. This work was
supported by NASA's New Horizons project.
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210.27 — Crystalline and amorphous Ho0 on Charon

Charon, the largest satellite of Pluto, is a gray-colored icy world
covered mostly in HoO ice, with spectral evidence for NHg, as
previously reported (Cook et al. 2007, Astrophys. J. 663,
1406—1419; Merlin, et al. 2010, Icarus, 210, 930; Cook, et al. 2014,
AAS/Division for Planetary Sciences Meeting Abstracts, 46,
#401.04). Images from the New Horizons spacecraft reveal a
surface with terrains of widely different ages and a moderate degree
of localized coloration. The presence of HoO ice in its crystalline
form (Brown & Calvin 2000 Science 287, 107-109; Buie & Grundy
2000 Icarus 148, 324-339; Merlin et al, 2010) along with NHg is
consistent with a fresh surface.

The phase of HoO ice is a key tracer of variations in temperature
and physical conditions on the surface of outer Solar System
objects. At Charon’s surface temperature H5O is expected to be
amorphous, but ground-based observations (e.g., Merlin et al.
2010) show a clearly crystalline signature. From laboratory
experiments it is known that amorphous H5O ice becomes
crystalline at temperatures of ~130 K. Other mechanisms that can
change the phase of the ice from amorphous to crystalline include
micro-meteoritic bombardment (Porter et al. 2010, Icarus, 208,
492) or resurfacing processes such as cryovolcanism.

New Horizons observed Charon with the LEISA imaging
spectrometer, part of the Ralph instrument (Reuter, D.C., Stern,
S.A., Scherrer, J., et al. 2008, Space Science Reviews, 140, 129).
Making use of high spatial resolution (better than 10 km/px) and
spectral resolving power of 240 in the wavelength range 1.25-2.5
um, and 560 in the range 2.1-2.25 um, we report on an analysis of
the phase of HoO ice on parts of Charon’s surface with a view to
investigate the recent history and evolution of this small but
intriguing object.

This work was supported by NASA’s New Horizons project.

Author(s): Cristina M. Dalle Ore4, Dale P. Cruikshank3, Will
M. Grundy2, Kimberly Ennico3, Catherine B. Olkin5, S. Alan
Stern5, Leslie A. Young5, Harold A. Weaverl

Institution(s): 1. Johns Hopkins University Applied Physics
Laboratory, 2. Lowell Observatory, 3. NASA Ames Reseach Center,
4. SETI Institute, 5. Southwest Research Institute

210.28 — Charon Quandaries

Recent data from New Horizons have revealed Charon as a
dynamic world, with an apparently young surface experiencing
geological processes. Tectonic features include a chasm seen on
Charon’s terminator, and cliffs or troughs that belt the moon. The
‘mountain-in-a-moat’ seen in LORRI images appears emplaced in a
depression, also suggesting an active process. These raise the
questions: How hot is Charon’s interior? Are temperatures

sufficient for liquid (i.e., > 176 K, the water-ammonia eutectic)?
How close to the surface are these temperatures reached? How
thick is Charon’s crust? We will report our calculations of these
quantities.

Following [1,2], we hypothesize that Charon formed from a
circumplutonian disk after a giant impact. Unlike in the ‘intact
moon’ scenario, a Charon accreted from a disk is everywhere > 100
K, and its outermost surface is > 250 K, possibly leading to full
differentiation into rocky core and ice mantle [2]. We suggest that
contraction of Charon due to its cooling from this hot initial state to
its present-day surface temperature = 50 K might lead to tectonic
features like those seen on Mercury [3]. We calculate the thermal
history of Charon using our published codes [4,5]. We find
temperatures today at the base of the ice mantle are cold (< 100 K),
but that ice at sufficient depth in the core should melt, producing
liquid. It is unclear whether this liquid could reach the surface from
the core, but it may do so via processes described by [6]. This would
have implications for cryovolcanism, resurfacing, and the
‘mountain-in-a-moat’. We will discuss the results of our modeling
and our interpretation of New Horizons data at the meeting.
References: [1] Canup, R (2005) Science 207, 546-550. [2]
Desch, SJ (2015) Icarus 246, 37-47. [3] Byrne, P, Klimczak, C, Celal
Sengor, AM, Solomon, SC, Watters, TR & Hauck, SA (2014) Nature
Geoscl. 7, 301-307.[4] Desch, SJ, Cook, JC, Doggett, TC & Porter,
SB. (2009) Icarus 202, 694-714. [5] Neveu, M, Desch, SJ &
Castillo-Rogez, JC (2015) J. Geophys. Res. E 120, 123-154. [6]
Neveu, M, Desch, SJ, Shock, EL & Glein, CR (2015) Icarus 246,
48-64.

Author(s): Steven Desch1, Marc Neveul
Institution(s): 1. Arizona State Univ.

210.29 — Determination of the System Mass and the
Individual Masses of the Pluto System from New
Horizons Radio Tracking

One objective of the New Horizons Radio Science Experiment REX
is the determination of the system mass and the individual masses
of Pluto and Charon. About four weeks of two-way radio tracking
centered around the closest approach of New Horizons to the Pluto
system were processed. Major problems during the processing were
caused by the small net forces of the spacecraft thruster activity,
which produce extra Av on the spacecraft motion superposed onto
the continuously perturbed motion caused by the attracting forces
of the Pluto system. The times of spacecraft thruster activity are
known but the applied Av needs to be specifically adjusted. No
two-way tracking was available for the day of the flyby, but slots of
REX one-way uplink tracking are used to cover the most important
times near closest approach, e.g. during occultation entries and
exits. This will help to separate the individual masses of Pluto and
Charon from the system mass.

Author(s): Matthias Hahn5, Martin Pitzold5, Tom Andert2,
Michael K. Bird5, Leonard G. Tylerl, Ivan Linscottl, Dave P.
Hinsonl, Alan Stern6, Hal Weaver3, Cathrin Olkin®, Leslie
Young®, Kimberly Ennico4

Institution(s): 1. Department of Electrical Engineering, Stanford
University, 2. Institut fiir Satellitentechnik und Weltraumnutzung,
Universitdt der Bundeswehr Miinchen, 3. Applied Physics
Laboratory, Johns Hopkins University, 4. NASA Ames Research
Center, 5. Rheinisches Institut fiir Umuweltforschung an der
Universitdt zu Kéln, Abt. Planetenforschung, 6. Southwest
Research Institute

210.30 — The Infrared Spectra and Absorption
Intensities of Amorphous Ices: Methane and Carbon
Dioxide

Our research group is carrying out new IR measurements of icy
solids relevant to the outer solar system and the interstellar
medium, with an emphasis on amorphous and crystalline ices
below ~70 K. Our goal is to add to the relatively meager literature
on this subject and to provide electronic versions of state-of-the-art
data, since the abundances of such molecules cannot be deduced
without accurate reference spectra and IR band strengths. In the
past year, we have focused on two of the simplest and most



abundant components of icy bodies in the solar system - methane
(CH4) and carbon dioxide (COs). Infrared spectra from ~ 4500 to
500 cm-1 have been measured for each of these molecules in
pm-thick films at temperatures from 10 to 70 K. All known
amorphous and crystalline phases have been reproduced and, for
some, presented for the first time. We also report measurements of
the index of refraction at 670 nm and the mass densities for each
ice phase. Comparisons are made to earlier work where possible.
Electronic versions of our new results are available at
http://science.gsfc.nasa.gov/691/cosmicice/ constants.html.

Author(s): Perry A. Gerakinesl, Reggie L. Hudson1, Mark J.
Loefflert
Institution(s): 1. NASA GSFC

210.31 — Revisiting the 1988 Pluto Occultation

In 1988, Pluto's atmosphere was surmised to exist because of the
surface ices that had been detected through spectroscopy, but it
had not yet been directly detected in a definitive manner. The key
to making such a detection was the stellar occultation method,
used so successfully for the discovery of the Uranian rings in 1977
(Elliot et al. 1989; Millis et al. 1993) and before that for studies of
the atmospheres of other planets.

On g June 1988, Pluto occulted a star, with its shadow falling over
the South Pacific Ocean region. One team of observers recorded
this event from the Kuiper Airborne Observatory, while other
teams captured the event from various locations in Australia and
New Zealand. Preceding this event, extensive astrometric
observations of Pluto and the star were collected in order to refine
the prediction.

We will recount the investigations that led up to this important
Pluto occultation, discuss the unexpected atmospheric results, and
compare the 1988 event to the recent 2015 event whose shadow
followed a similar track through New Zealand and Australia.

Author(s): Amanda S. Bosh2, Edward W. Dunham1, Leslie A.
Young3, Steve Slivan4, Linda L. Barba née Cordella2, Robert L.
Millis1, Lawrence H. Wasserman1, Ralph Nyel

Institution(s): 1. Lowell Observatory, 2. MIT, 3. Southwest
Research Institute, 4. Wellesley College

210.32 — Voyager IRIS Measurements of Triton's
Thermal Emission: Impllications for Pluto?

The New Horizons Pluto encounter data set includes unique
observations obtained using the Radio Science experiment to
measure the night-side thermal emission at centimeter
wavelengths, well beyond the emission peak (in the 70 to 100
micron range). 26 years ago the Voyager 2 Infrared Interferometer
Spectrometer (IRIS) obtained spectra in the 30 - 50 micron
wavelength range to try and detect thermal emission from Pluto's
sibling, Triton. Conrath etal. (1989) analyzed 16 of the IRIS spectra
of Triton's dayside and derived a weak limit of 36 K - 41 K. We have
analysed those, and an additional 775 spectra, to refine the limits on
the temperature of Triton's surface, and to explore diurnal
differences in the thermal emission. Triton results from other
Voyager instruments provide important constraints on our
interpretation of the IRIS data, as do Spitzer measurements of
Pluto's thermal emission.

For unit-emissivity, average temperature is 34 K, inconsistent with
the pressure of Triton's atmosphere (13 - 19 microbar), the
presence of beta-phase nitrogen ice on the surface, and the likely
presence ofwarm regions on the surface. The atmospheric pressure
requires nitrogen ice temperatures of 37.4 K - 38.1 K, which in turn
requires emissivity of 0.31--0.53. Such a low emissivity in this
spectral region might be expected if the surface is dominated by
nitrogen or methane ice. Averages of data subsets show evidence
for brightness temperature variations across Triton's surface.
Surprisingly, the data seem to indicate that Triton's nightside
equatorial region was warmer than on the dayside.

These Voyager results for Triton provide a useful context for
interpreting New Horizons and ALMA observations of emission
from Pluto in the sub-millimeter and centimeter region. JWST will
be capable of detecting Triton's and Pluto's 10 - 28 micron thermal
emission, although scattered light from Neptune may be an issue
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for the Triton. Combined with new capabilities of ALMA to
measure the sub-millimeter emission (and even resolve the disks
of Pluto and Triton), it seems possible that we may gain significant
new insights into the thermal properties of these bodies in the
coming decade.

Author(s): John A. Stansberry2, John Spencerl, Ivan
Linscott3

Institution(s): 1. Southwest Research Institute, 2. Space
Telescope Science Institute, 3. Stanford University

210.33 — Exploring potential Pluto-generated neutral
tori

The NASA New Horizons mission to Pluto is providing
unprecedented insight into this mysterious outer solar system
body. Escaping molecular nitrogen is of particular interest and
possibly analogous to similar features observed at moons of Saturn
and Jupiter. Such escaping N has the potential of creating
molecular nitrogen and N (as a result of molecular dissociation)
tori or partial toroidal extended particle distributions. The presence
of these features would present the first confirmation of an
extended toroidal neutral feature on a planetary scale in our solar
system. While escape velocities are anticipated to be lower than
those at Enceladus, Io or even Europa, particle lifetimes are much
longer in Pluto’s orbit because as a result of much weaker solar
interaction processes along Pluto’s orbit (on the order of tens of
years). Thus, with a ~248 year orbit, Pluto may in fact be
generating an extended toroidal feature along it orbit.

For this work, we modify and apply our 3-D Monte Carlo neutral
torus model (previously used at Saturn, Jupiter and Mercury) to
study/analyze the theoretical possibility and scope of potential
Pluto-generated neutral tori. Our model injects weighted particles
and tracks their trajectories under the influence of all gravitational
fields with interactions with other particles, solar photons and
Pluto collisions. We present anticipated No and N tori based on
current estimates of source characterization and environmental
conditions. We also present an analysis of sensitivity to assumed
initial conditions. Such results can provide insight into the Pluto
system as well as valuable interpretation of New Horizon’s
observational data.

Author(s): Howard T. Smith1, Matthew Hilll, Peter
KollMann1, Ralph McHutt!
Institution(s): 1. Johns Hopkins Applied Physics Lab

210.34 — Visible-band (390-940nm) monitoring of the
Pluto absorption spectrum during the New Horizons
encounter

Whilst Earth-based observations obviously cannot compete with
New Horizons’ on-board instrumentation in most regards, the New
Horizons data set is essentially a snapshot of Pluto in July 2015.
The New Horizons project team therefore coordinated a broad
international observing campaign to provide temporal context and
to take advantage of the once-in-a-lifetime opportunity to directly
link our Earth-based view of Pluto with “ground truth” provided by
in situ measurements. This both adds value to existing archival
data sets and forms the basis of long term, monitoring as we watch
Pluto recede from the Sun over the coming years. We present
visible-band (390-940nm) monitoring of the Pluto absorption
spectrum over the period July - October 2015 from the Liverpool
Telescope (LT). In particular we wished to understand the
well-known 6-day fluctuation in the methane ice absorption
spectrum which is observable from Earth in relation to the never-
before-available high resolution maps of the Pluto surface. The LT
is a fully robotic 2.0m optical telescope that automatically and
dynamically schedules observations across 30+ observing
programmes with a broad instrument suite. It is ideal for both
reactive response to dynamic events (such as the fly-by) and long
term, stable monitoring with timing constraints individually
optimised to the science requirements of each programme. For
example past studies of the observed CH4 absorption variability
have yielded ambiguity of whether they were caused by real
physical changes or geometric observation constraints, in large part
because of the uneven time sampling imposed by traditional



telescope scheduling.

Author(s): Robert J Smith1, Jonathan M Marchant!
Institution(s): 1. Astrophysics Research Institute, Liverpool John
Moores University

210.35 — Photos from Inside Pluto: Historic Images
from the New Horizons Encounter with Pluto

NASA's New Horizons mission flew past Pluto on July 14, 2015. In
the months and weeks leading up to the encounter, over 200
mission personnel were located at JHU APL and directly involved
in the planning and operations of the flyby. Several members of the
team were given special permission to document photographically
this historic event. These photos have been collected into a public
archive which allows the general public to see the intimate and
normally hidden "behind the scenes' views of an operating
spacecraft team, through times of elation, times of stress, public
celebrations, and private moments.

We present here a variety of these photos spanning May (the
beginning of detailed hazards searches) through the end of July.
The entire archive will be available online and accessible to the
public.

We thank JHU-APL for arranging special permission for the
photographers (HBT, CSS, JS, SJR, DC). All photos are used
courtesy NASA/SwRI/JHUAPL and the individual photographers.

Author(s): Henry B. Throop3, John Spencer4, Stuart J
Robbins4, Constantine Tsang4, Dale Cruikshank2, S. Alan Stern4,
Harold Weaverl, Peter Bedinil, Andrew Callowayl
Institution(s): 1. JHU-APL, 2. NASA Ames, 3. PSI, 4. SwWRI

211 — Centaurs, Trans-Neptunian Objects,
and the Inner Oort Cloud

211.01 — Search for Binary Trojans

We have reexamined 41 Trojan asteroids observed with the Hubble
Space Telescope (HST) to search for unresolved binaries. We have
identified one candidate binary with a separation of 53 milliarcsec,
about the width of the diffraction limited point-spread function
(PSF). Sub-resolution-element detection of binaries is possible
with HST because of the high signal-to-noise ratio of the
observations and the stability of the PSF. Identification and
confirmation of binary Trojans is important because a Trojan Tour
is one of five possible New Frontiers missions. A binary could
constitute a potentially high value target because of the
opportunity to study two objects and to test models of the
primordial nature of binaries. The potential to derive mass-based
physical information from the binary orbit could yield more clues
to the origin of Trojans.

Author(s): Keith S. Noll2, W. M. Grundy1, E. L. Ryan4, S. D.
Benecchi3
Institution(s): 1. Lowell Obs., 2. NASA GSFC, 3. PSI, 4. U MD

211.02 — A long term study of Centaur 174P/Echeclus

Centaur 174P/Echeclus was discovered by the Spacewatch program
on March 3, 2000 and initially labelled (60558) 2000 EC 98 . On
December 30, 2005, a surprising cometary outburst was discovered
with the 5-m Mount Palomar Observatory telescope. This outburst
corresponded to a change in the overall visual magnitude from
about 21 to about 14. At that time (60558) 2000 EC 98 was located
at 13.07 au to the Sun and was subsequently renamed with a
cometary designation. This outburst lasted a few months and, one
year later, no coma could be detected. Another secondary outburst
happened in 2011 and lasted also a few months. This target was at
its perihelion (5.82 au) on April 22, 2015.

We present new observational data obtained with the 2.5-m Nordic
Optical Telescope during the 2011 outburst and in July 2013, and
with the robotic 2-m Liverpool telescope on April 27, 2014, August
13, 2014 and June 1, 2015. We also found archive observational
data obtained on December 22, 2005.

These archive images point out the extremely high level of the
174P/Echeclus activity during the first outburst. The R-magnitude
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and Afrho parameter of the target were estimated to 14.8 and
56000+3000 cm respectively. During the second outburst, in 2011,
the activity level of the Centaur was lower, the R-Afrho parameters
were 1200+100 cm and 480+70 cm in June and July respectively.
The dust production rates needed to produce the observed comae
were approximately 700 kg.s~1in 2005 and between 10 and 20
kg.s~11in 2011 assuming the average grain geometric albedo of 0.1
and low outflow velocities of the dust, less than 10 m.s-1. A possible
scenario of the dust coma formation for the first outburst will also
be proposed using a Monte Carlo modeling.

Before the outburst the lightcurve amplitude was 0.24 magnitude
in the R-band with a rotation period of 26.80 h (if a double-peaked
lightcurve is assumed). The observational data obtained after the
outburst with the NOT do not permit to detect any clear variation in
the apparent magnitude at the level of about 0.1 magnitude. The
different possible explanations for this change will be discussed as
well as an analysis of the outbursts themselves.

Author(s): Philippe Rousselotl, Pavlo Korsun2, Irina Kulyk2,
Jean-Marc Petitl, Aurélie Guilbert-Lepoutrel

Institution(s): 1. Institut UTINAM, 2. Main Astronomical
Observatory of NAS

211.03 — Variability and Lightcurves Studies in the
Outer Solar System Origins Survey

Lightcurves provide a powerful mechanism for learning about the
history of the collisional and/or gravitational processes acting on
small bodies since the formation, and subsequent migration, of our
solar nebula. At the extremes, they can provide constraints on the
material properties (and interior structure) of individual objects
and perhaps in quantity can provide information about their source
populations. Our project consists of two datasets: (1) the Outer
Solar System Origins Survey (OSSOS) discovery and recovery
magnitudes, and (2) observations from a 6-hour pilot study on a
subset of (17) OSSOS objects using the Subaru and Hyper
Suprime-Cam (HSC) instrument. The OSSOS objects span a full
range of sizes, from as large as several hundreds of km to as small
as a few tens of km in diameter. Because of the telescope diameter
and the wide field of view of HSC, we are able to obtain
measurements on multiple objects covering a range of magnitudes
with a single telescope pointing within the first two years following
object discovery. The OSSOS survey is well calibrated
photometrically and as such we use the very sparce sampling in the
discovery and recovery magnitudes to identify which objects might
have the largest amplitude lightcruves, indicating that they are
likely elongated or in potentially interesting spin states. We then
select the HSC fields containing these objects and the highest
density of surrounding objects to obtain more densely sampled
lightcurves. In this way we optimize the telescope time and the
potential scientific return. We will present our analysis of the
0SSOS dataset and some preliminary results from HSC.

Author(s): Susan D. Benecchi2, Ying-Tung Chenl, Meg
Schwambl, Shiang-Yu Wang!, Matthew Lehnerl, Mike
Alexandersenl

Institution(s): 1. Institute of Astronomy & Astrophysics at
Academia Sinica, 2. Planetary Science Institute

211.04 — Photometry of Scattered Disk Objects at 3.6
pm and 4.5 pm

Scattered disk objects (SDO) are some of the most interesting of the
estimated 100,000 icy bodies located in the outer Solar System.
SDOs have been gravitationally disturbed and scattered by the
orbital migration of Neptune. The surface compositions of these
objects provide a window into formation conditions and dynamics
of the outer Solar System. Characterization of volatiles and organic
materials, in particular, provide important constraints on formation
conditions and subsequent surface processing of these objects. We
measured fluxes of 36 SDOs at 3.6 um and 4.5 pm using the
Infrared Array Camera (IRAC) aboard the NASA Spitzer Space
Telescope in order to characterize volatiles and organics on their
surfaces. Albedos calculated from these fluxes are combined with
broadband albedos from ground-based observations at shorter
wavelengths (V, R, I, J, H, K bands, spanning 0.55 — 2.22 um) to



provide spectrophotometry from 0.5 to 4.5 pm. Much of those
ground-based data are from previously published literature.
However, we have also conducted new ground-based Y, J, H, K
observations of several of the targets. Sizes and visible geometric
albedos, which are required to convert IRAC fluxes to geometric
albedos, were extracted from published literature when available
and computed from absolute magnitudes otherwise. The resulting
spectrophotometry of these 36 SDOs shows a wide range of surface
compositions. Several of the SDOs we observed show red visible
and near-infrared spectral slopes and strong absorptions at 3.6 um
and 4.5 pm. These absorption features suggest the presence of
complex organics. Other SDOs appear red as well but show only
moderate absorptions at 3.6 um and 4.5 um. Moderate absorption
features at these wavelengths may indicate a mixture of HoO ice
and refractory material on the surface. Finally, some objects show
no absorption at 3.6 and 4.5 um, most likely characteristic of
silicate dust. We will discuss implications of these findings in terms
of surface composition and possible origins.

Author(s): Chad Mellton2, Joshua P Emery2, Noemi Pinilla-
Alonso2, Michael Mommert!, Cassandra Lejoly!, David E Trilling!
Institution(s): 1. Northern Arizona University, 2. University of
Tennessee, Knoxville

211.05 — A Chemical and Dynamical Link Between Red
Centaur Objects and the Cold Classical Kuiper Belt

We present new B-V, V-R, and B-R colors for 32 Centaurs objects
using the 4.3-meter Discovery Channel Telescope (DCT) near
Happy Jack, AZ and the 1.8-meter Vatican Advanced Technology
Telescope on Mt. Graham, AZ. Combining these new colors with
our previously reported colors, we now have optical broad-band
colors for 58 Centaur objects.

Application of the non-parametric Dip Test to our previous sample
of only 26 objects showed Centaurs split into gray and red groups at
the 99.5% confidence level, and application of the Wilcoxon Rank
Sum Test to the same sample showed that red Centaurs have a
higher median albedo than gray Centaurs at the 99% confidence
level (Tegler et al., 2008, Solar System Beyond Neptune, U Arizona
Press, pp. 105-114).

Here we report application of the Wilcoxon Rank Sum Test to our
sample of 58 Centaurs. We confirm red Centaurs have a higher
median albedo than gray Centaurs at the 99.7% level. In addition,
we find that red Centaurs have a lower median inclination angle
than gray Centaurs at the 99.5% confidence level. Because of their
red colors and lower inclination angles, we suggest red Centaurs
originate in the cold classical Kuiper belt. We thank the NASA Solar
System Observations Program for its support.

Author(s): Stephen C. Teglerl, William Romanishin2, Guy
Consolmagno3

Institution(s): 1. Northern Arizona University, 2. University of
Oklahona, 3. Vatican Observatory

211.06 — Constraints to the Cold Classical KBO
population from HST observations of faint objects

The size distribution of the known Kuiper Belt Objects has been
described by a double power law, with a break at R magnitude 25.
There are two leading interpretations to this break: 1) It is the
result of the collisional evolution among these KBOs, with the
objects smaller than the break being the population most affected
by collisional erosion. 2) The size distribution break is primordial,
set during the Kuiper Belt formation.

The low inclination Kuiper Belt Objects, the Cold Classical
population, is thought to have been dynamically isolated since the
formation of the Solar System, and thus only collisions between
Cold Classicals would have affected their size distribution. If the
size distribution is collisional, it probes parameters of the Kuiper
Belt history: strengths of the bodies, impact energies and
frequency, and the the number of objects. If the distribution is
primordial, it reveals parameters of the Kuiper Belt accretion, as
well as limits on its subsequent collisional history.

In this work, we obtained new HST observations of 5 faint Cold
Classicals, which we combine with previous HST observations, to
examine the distribution of two properties of the smallest KBOs:
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colors and binary fraction. These two properties can differentiate
between a primordial and a collisional origin of the size distribution
break. If the smaller bodies have been through extensive collisional
evolution, they will have exposed materials from their interiors,
which has not been exposed to weathering, and thus should be
bluer than the old surfaces of the larger bodies. An independent
constraint can be derived from the fraction of binary objects: the
angular momentum of the observed binaries is typically too high to
result from collisions, thus a collisionally-evolved population
would have a lower binary fraction, due to the easier separation of
binaries, compared to the disruption of similar-sized bodies, and
the easier disruption of the binary components, due to the smaller
size.

We will present the constraints to the color and binary fraction
distributions we are measuring from these observations, which
probe the smallest KBOs currently observable.

Author(s): Paulo F. Penteado2, David Trilling2, William
Grundy1

Institution(s): 1. Lowell Observatory, 2. Northern Arizona
University

211.07 — Quantifying the Infrared Spectra of Icy
Methanol - A New Investigation for Solar System
Objects

The presence and abundances of organic molecules in
extraterrestrial settings, such as on TNOs, can be determined using
infrared (IR) spectroscopy, but significant challenges exist.
Although reference IR spectra for organics under relevant
conditions are vital for such work, for many molecules the data
needed either do not exist or exist only in fragmentary form. In this
presentation we describe new laboratory results for a three-
element molecule, methanol (CHgOH), which has been reported to
be present in planetary and interstellar ices. Near- and mid-IR
spectra at various ice thicknesses and temperatures are presented,
band strengths are calculated, and optical constants are derived.
Results are compared to those of earlier workers, the influence of
assumptions found in the literature is explored, and possible
revisions to the literature are described. Although IR spectra of
solid CHgOH has been reported by many low-temperature
laboratory-astrochemistry groups over the past 25 - 30 years, our
work appears to be the first that aims to determine the densities,
refractive indices, and resulting mid-IR band strengths and optical
constants of both the amorphous and crystalline phases of
methanol. The majority of the laboratory work in this project was
done by Tatiana Tway, who was supported by a summer internship
through the DREAM2 program, which in turn is supported by a
grant from NASA’s SSERVI program.

Author(s): Reggie L. Hudson2, Tatiana Tway1, Perry
Gerakines2

Institution(s): 1. Delaware Valley University, 2. NASA Goddard
Space Flight Center

211.08 — Trans-Neptunian Objects Transiently Stuck
in Neptune's Mean Motion Resonances: numerical
simulations of the current population

Inferring from observational data, it is well known that a large
population of objects orbits the Sun in mean motion resonance
with Neptune with semi-major axes in the range a=30-100AU.
Many of these objects were likely caught into resonances by
planetary migration---either smooth or stochastic---approximately
4 billion years ago. Some, however, scattered off Neptune and
become transiently stuck in more recent events. The goal of this
project is to form a testable model of the transient sticking
population through numerical simulation. We calculate the relative
likelihood of resonance sticking from the current scattering disk
into a range of resonances. We confirm that transiently stuck
objects are most prevalent in n:1 resonances, followed by n:2, n:3
and so on. The integrated time that objects spend stuck in
resonance increases for resonances with longer orbital periods. We
calculate the expected distribution of libration amplitudes for
resonance angles of stuck objects and comment on implications for
the origins of distant resonance populations.



Author(s): Tze Yeung Mathew Yu2, Ruth Murray-Clay2,
Kathryn Volk1

Institution(s): 1. The University of Arizona, 2. University of
California, Santa Barbara

211.09 — Dynamical Constraints on the Existence of a
oth Planet Residing in the Inner Oort Cloud

The discovery of Sedna, a decade ago, on a highly eccentric orbit
beyond the Kuiper belt challenged our understanding of the Solar
System. With a perihelion of 76 AU, Sedna is well beyond the reach
of the gas-giants and could not be scattered onto its highly
eccentric orbit from interactions with Neptune alone. Sedna’s
aphelion at ~1000 AU is too far from the edge of the Solar System
to feel the perturbing effects of passing stars or galactic tides in the
present-day solar neighborhood. Some other mechanism likely no
longer active in the Solar System today is required to emplace
Sedna on its orbit. Sedna's presence predicts a population of icy
bodies on similar orbits residing past the Kuiper belt in what has
been called the Inner Oort Cloud.

The recent discovery of 2012 VP113 on a similar orbit to Sedna
confirmed the presence of the Inner Oort Cloud and identified a
possible alignment of the argument of perihelion for objects with
orbits detached from Neptune. Based on the expected precession
frequency, the arguments of perihelion should be randomly
distributed. The existence of a planet beyond 200 AU has been
suggested as a possible mechanism to actively control and lock the
argument of perihelion of these orbits. We use new dynamical
modeling to further investigate this hypothesis and explore the
possible orbital configurations and physical properties of such a
body residing beyond Neptune. We will also discuss the
implications of the presence of a ninth planet for the Solar System's
formation and for the current Inner Oort Cloud.
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211.10 — Property of Kozai Dynamics of Inner Oort
Cloud Objects with a Hypothetical Planet Beyond
Neptune

The origin of a number of Trans-Neptunian objects (TNOs) with
large perihelion and semi-major axis are difficult to explain by
current models. In addition to Sedna, these include 2010 GB174
(Chen et al., 2013) and 2012 VP113 (Trujillo and Sheppard, 2014)
which might represent members of the Inner Oort Cloud objects
(IOCOs). One thing of particular interest has to do with the
clustering of the argument of perihelion (w) of the discovered
IOCSs near 3400. Trujillo and Sheppard (2014) suggested that this
effect could be caused by the Kozai mechanism induced by a
distant planet. We have performed parametric studies of the orbital
motion of hypothetical IOCOs under the influence of this distant
planet. Our preliminary results indicate that this distant planet with
a perihelion distance of about 150 AU, if exists, should have a mass
larger than 2 Earth masses. The observed clustering in the
argument of perihelion at around 3400 can not be reproduced by
our simulations. Instead, the distribution of w of the test particles
in the inner Oort cloud is characterized by concentration around o
0 or 1800 and, on the other hand, 909 or 2700 (for smaller
perihelion and lower inclination).

Author(s): Zong-Fu Siel, Hsing-Wen Lin1, Wing-Huen Ip?!
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211.11 — Deep Surveys for Inner Oort Cloud Objects

We are undertaking two deep wide-field surveys to discover
extremely distant solar system objects. While our target solar
system population is the Inner Oort Cloud objects such as 2012
VP113 and Sedna, we are also sensitive to other populations with
high perihelia such as the Scattered Kuiper Belt Objects and the
highest perihelion Kuiper Belt Objects which have similar
arguments of perihelion to the Inner Oort Cloud Objects. These
unusual populations are thought to consist primarily of highly
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eccentric objects which spend most of their orbits hundreds or
thousands of AU from the sun. Large aperture telescopes are
needed to reach the faintness limits, red magnitudes of 23.5 to 25,
required for detection of even the large members of the population.
In addition, wide fields of view are also needed since the sky
density of the detectable members of the populations approach 1 in
100 square degrees even with large telescopes.

Our primary discovery instruments are the Dark Energy Camera
(DECam) on the 4 meter Blanco Telescope at the Cerro Tololo
Inter-American Observatory and Hyper Suprime-Cam (HSC) on
Subaru Telescope at Maunakea. Each of these instruments has a
tremendously wide field of view considering the size of the
telescope they are mounted on. DECam has a field of view of about
3 square degrees and HSC has a field of view of about 1.75 square
degrees. We will present our survey progress in terms of sky area
covered and new objects discovered and highlight some of our
more interesting findings.

Author(s): Chadwick A. Trujillo2, David J Tholen3, Scott S
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211.12 — Results from the Pan-STARRS-1 Outer Solar
System Key Project

As part of the Pan-STARRS-1 Outer Solar System Key Project, we
have completed two searches of the full data set obtained by the
Pan-STARRS-1 Science Consortium. The data set spans more than
three years and covers the full sky north of -30 degrees declination.
Our two searches employ different algorithms and between them
are sensitive to slow-moving objects with magnitudes brighter than
approximately r=22.5 and heliocentric distances of 25-250 AU. We
present the details of our search pipeline, the results of our
surveys, and plans for future surveys with the ongoing
Pan-STARRS-1+Pan-STARRS-2 system.

Author(s): Matthew J. Holman2, Ying-Tung Chen3,
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211.13 — The IMACS Occultation Survey

We report the results of our extended campaign to search for
occultations of background stars by small (sub-km) Kuiper belt
objects (KBOs) using the IMACS instrument on the Magellan
Telescope.

We implemented a novel shutterless continuous readout mode on
the IMACS instrument, with custom-made aperture masks,
permitting simultaneous high-speed (~40 Hz) photometry for
numerous stars, while minimizing the effects of stellar crowding
and sky background. Observing in the southern hemisphere allows
us to target the intersection of the ecliptic and galactic planes,
where hundreds of stars can be monitored with a single field of
view.

We observed for a total of ~28 hours spread over eight nights,
obtaining over 10,000 star-hours of light curves with per-point
SNR > 10. This represents an order of magnitude increase in star
hours compared to the previous best ground-based survey by
Bianco et al. (2009). Our results allow us to place strong
constraints on the surface density of sub-km objects in the
Kuiper-Belt, as well as to complement the HST FGS results of
Schlichting et al. (2009, 2012).
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211.14 — The Outer Solar System Origins Survey
(0OSSO0S): a status update

0SSO0S is a 560 hour imaging survey using MegaPrime on the
CFHT designed to produce a well characterized sample of Kuiper
belt objects whose orbital and physical properties will provide
useful constraints on the evolutionary history of the outer solar
system. Started in 2013, this 4 year project has now entered the



finally year of survey operation. With 1/2 (84 square degrees) of
the observation fully analyzed, OSOSS has detected and tracked 219
TNOs brighter than our typical flux limit of r' ~ 24.5. This is 30%
more detections than the entire Canada-France Ecliptic Plane
Survey (CFEPS), a precursor project.

Based on the first quarter of the survey the OSSOS project confirms
the CFEPS-L7 orbital model of the orbital structure of the TNO
population (Petit et al., 2011) and has provided additional evidence
of complex structure in the size distribution of scatterin TNOs
(Shankman et al., 2015). A number of the OSSOS science teams are
presenting results at this meeting: Bannister et al., Benecchi et al.,
Fraser et al., Volk et al. on a variety of aspects of the orbital and
physical properties the OSSOS detected samples. Here we present a
summary of the current status of the survey: field locations, basic
characterization, detection rates and some global detection
statistics.

More details on the OSSOS project are available from our web site:
WWW.0SS0S-SUrvey.org
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211.15 — Col-OSSOS: Colours of the Outer Solar System
Origins Survey

The surfaces of trans-Neptunian objects (TNOs) are poorly
understood. Other than the large objects which exhibit signatures
of various ices, very little has been discerned about the
compositions of most TNOs. In recent years, some concrete
knowledge about the distribution of surface colours of small TNOs
has come to light. It is now generally accepted that small TNOs fall
into at least three classes of object based on their surface colours
and albedo. TNO surface type is also correlated with dynamical
class, with certain types of TNO being found primarily in certain
regions of the outer Solar System. This correlation presents the
intriguing idea that the surfaces of TNOs contain information on
more than composition, but as well hold the key to understanding
the dynamical processes that lead to the giant planets violently
dispersing the protoplanetesimal disk and populating the Kuiper
Belt region. It is around this idea that the Col-OSSOS survey is
predicated. This 4 year program which started in 2014B is
simultaneously using the Gemini-North and Canada-France-
Hawaii telescopes to gather near simultaneous u, g, r, and J
spectral photometry of all targets in the Outer Solar System Origins
Survey (OSSOS) brighter than r'=23.5 (~140 expected). The focus
of Col-OSSOS is completeness and consistency, with the same
SNR=25 being reached in all bands, for all targets brighter than our
depth limit.

Col-0SSOS will provide a combined compositional-dynamical map
from which key hypotheses about the Solar System's cosmogony
can be tested. For example, by mapping the fraction of TNOs with
cold-classical like surface colours, we will be able to determine how
much of the belt was populated by dynamical scattering versus
sweep-up from Neptune. Further, we will be able to constrain the
compositional homogeneity of the protoplanetesimal disk. The
surfaces of TNOs must reflect that homogeneity; a heterogeneous
disk will result in a clumpy colour distribution with many unique
types, while a homogeneous disk will result in a smooth
distribution of colours with only a few distinct types. Here we will
present preliminary results and report on the initial progress of the
survey.
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211.16 — Status of the Transneptunian Automated
Occultation Survey (TAOS II)

The Transneptunian Automated Occultation Survey (TAOS II) will
aim to detect occultations of stars by small (~1 km diameter)
objects in the Kuiper Belt and beyond. Such events are very rare
(<1073 events per star per year) and short in duration (~200 ms),
so many stars must be monitored at a high readout cadence. TAOS
11 will operate three 1.3 meter telescopes at the Observatorio
Astrondmico Nacional at San Pedro Martir in Baja California,
México. With a 2.3 square degree field of view and a high speed
camera comprising CMOS imagers, the survey will monitor 10,000
stars simultaneously with all three telescopes at a nominal readout
cadence of 20 Hz. Construction of the site began in the fall of 2013.
We present here an update on the status of the TAOS II survey,
including the site development, camera fabrication, and project
schedule.
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211.17 — Pan-STARRS 1 discoveries of new Neptune
Trojans: Preliminary results

Neptune Trojans are a well-known probe of the dynamical
environment of the outer solar system. However, given the small
number of known Neptune Trojans, many questions remain: the
total number, the size distribution, and the orbital distribution of
Neptune Trojans are all still unclear.

Pan-STARRS 1 (PS1) survey provides a chance to comprehensively
investigate the properties of Neptune Trojan population. In this
study we present our preliminary results of a PS1 search for new
Neptune Trojans. We report several candidates. At least one
unstable L5 trojan has been confirmed. The preliminary orbital
distribution of Neptune Trojan populations shows a possible L4/L5
distribution asymmetry from the combination of our new
candidates and the known Neptune Trojans.
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212 — Spiraling in on Ceres and Vesta Redux

212.01 — Spikes in High-Energy Electrons at Ceres:
Evidence for a Bow Shock?

Strong, regular spikes in counts, suggestive of electrons, were
measured by by the Dawn’s Gamma Ray and Neutron Detector
(GRaND) when Dawn was in Survey orbit about Ceres in June
2015. The source of the spikes was tentatively identified as
energetic electrons (up to 100 keV). Individual spikes lasted up to
an hour and were superimposed on more gradual variations
attributed to energetic ion interactions. The spikes occurred during
a period of intense solar activity associated with sunspot AR2371.



The fact that they were seen at the same location on three
successive orbits over a 10 day period suggests that the events are
associated with Ceres. Fermi-acceleration of the solar wind
electrons could explain the dramatic increase in the electron
counts. If a bow shock were present at Ceres, electrons could be
reflected back into the solar wind and travel along the magnetic
field line tangent to the shock and encounter the spacecraft. If a
bow shock is confirmed, this would have considerable implications
for the existence of an exosphere at Ceres, its characteristics, and
possible origins. The observations to date allow such an
atmosphere to be transitory.
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212.02 — Spectral modeling of Ceres VIR data from
Dawn: Method and Result

The Dawn spacecraft [1] is at Ceres, the closest of the IAU-defined
dwarf planets to the Sun. This work focuses on the interpretation of
Ceres’ surface composition based on the data from the VIR
instrument [2] onboard Dawn. The Visible InfraRed (VIR)
mapping spectrometer combines high spectral and spatial
resolution in the VIS (0.25-1mm) and IR (1-5mm) spectral ranges.
VIR will provide a very good coverage of the surface during its
orbital mission at Ceres.

In order to model the measured spectra, we have utilized Hapke's
radiative transfer model [3], which allows estimation of the mineral
composition, the relative abundances of the spectral end-members,
and the grain size. Optical constants of the spectral end-members
are approximated by applying the methodology described in [4] to
IR spectra reflectance obtained from the RELAB database.

The observed spectra of Ceres surface are affected by a thermal
emission component that prevents direct comparison with
laboratory data at longer wavelengths. Thus to model the whole
wavelength range measured by VIR, the thermal emission is
modeled together with the reflectance. Calibrated spectra are first
cleaned by removing artefacts. A best fit is obtained with a least
square optimization algorithm. For further details on the method,
see reference [5].

The range 2.5 - 2.9 um is severely hindered by Earth's atmosphere,
but it contains a strong absorption band that dominates the IR
Ceres’ spectrum. Thanks to the VIR instrument we can obtain a
compositional model for the whole IR range [6]. We used several
different combinations of materials hypothesized to be
representative of the Ceres’ surface including phyllosilicates, ices,
carbonaceous chondrites and salts. The results will be discussed.
Acknowledgements This work is supported by the Italian Space
Agencies and NASA. Enabling contributions from the Dawn
Instrument, Operations, and Science Teams are gratefully
acknowledged.
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212.03 — First Geological Mapping Investigation of the
Kerwan Hemisphere of Ceres (0-180°E), from NASA’s
Dawn Mission

The Dawn Science team divided the surface of Ceres into
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quadrangles, in order to facilitate systematic geological mapping,
which is a tool used to methodically observe and interpret the
surfaces of planetary bodies. Here we present a geological map of
the Kerwan hemisphere of Ceres (0-180°E), which we assemble
from a combination of quadrangle-scale geological maps. Ceres’
Kerwan hemisphere is dominated by smooth plains, which
surround the 284-km-diameter Kerwan crater. The smooth
material has a lower abundance of craters than other parts of the
Kerwan hemisphere, and may suggest that regional resurfacing has
occurred. The current topography data also indicates that broad,
positive topography features are present within Kerwan crater. In
addition, there are ejecta deposits surrounding Haulani and Dantu
craters, which are distinctive in photometrically corrected mosaics
and color composite mosaics. These ejecta deposits may contribute
to the #1 and #2 bright albedo regions observed by Li et al. (2006)
with the Hubble Space Telescope. In the northern region, there are
homogeneously distributed impact craters, most of which are
circular, shallow, flat-floored and contain central mounds.
Polygonal craters are also observed, which may provide inferences
about the target materials in which they formed. In the southern
region there are numerous craters containing central mounds and
smooth material in their interiors. For example, the 129-km-
diameter Zadeni crater contains a broad central mound. Moreover,
lobate deposits are found in numerous craters in the Kerwan
hemisphere, which are likely formed by mass wasting. Ongoing
work will include the development of a detailed geological history
and the use of crater morphologies to infer the composition and
physical properties of the sub-surface. Currently, our geological
mapping is based on Approach (~1.3 km/pixel) and Survey (~400
m/pixel) mosaics of clear and color filter data from the Dawn
spacecraft’s Framing Camera. In addition, shape models derived
from Framing Camera data are used as a mapping aid. Dawn will
begin the High Altitude Mapping Orbit (HAMO) in mid-August,
and our geological mapping will then incorporate the higher
resolution HAMO mosaics (~140 m/pixel).
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212.04 — First Geological Mapping Investigation of the
Occator Hemisphere of Ceres (180°-360°E), from
NASA’s Dawn Mission

The Dawn Science team divided the surface of Ceres into
quadrangles, in order to facilitate systematic geological mapping,
which is a tool used to methodically observe and interpret the
surfaces of planetary bodies. Here we present a geological map
from 180° - 360°E longitude of Ceres, which we assemble from a
combination of quadrangle-scale geological maps. Geologic units
are characterized based on physical attributes such as albedo,
morphology, structure, color, and topography, and are related to
geologic processes such as volcanism, tectonism, impact cratering,
deposition, and weathering. This hemisphere is dominated by a
heavily cratered terrain, with both fresh-looking and putatively-
relaxed craters evident. Also evident is Occator crater and the
feature known as Spot 5, the brightest of the “bright spots” on
Ceres. Linear structures are prevalent, but whether they are formed
due to impact stresses or by internal activity has not yet been
determined. However, the numerous polygonal craters suggest
significant sub-surface fracturing. Color data indicates considerable
compositional diversity, specifically around Spot 5, as well as
around some of the other craters and associated with some of the
linear structures. Variations in crater abundance in different parts
of this hemisphere suggest that some type of resurfacing might



have occurred. Domical, positive relief features are present in some
of the craters; a 5 km high feature informally known as “the
pyramid” is also identified. Determining the processes by which
these topographically high features formed is of major interest in
this mapping effort. Ongoing work will include the development of
a detailed geological history and the use of crater morphologies to
infer the composition and physical properties of the sub-surface.
Currently, our geological mapping is based on Approach (~1.3
km/p) and Survey (~400 m/p) mosaics of clear and color filter data
from the Dawn spacecraft’s Framing Camera. In addition, shape
models derived from Framing Camera data are used as a mapping
aid. Dawn will begin the High Altitude Mapping Orbit (HAMO) in
mid-August, and our geological mapping will then incorporate the
higher resolution HAMO mosaics (~140 m/p).
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212.05 — Origin Hypotheses for Kilometer-Scale
Mounds on Dwarf Planet Ceres

The Dawn Framing Camera has revealed numerous domical to
conical features on Ceres, which may have relevance to the
presence and history of near-surface ice. These features fall into
two broad classes, large domes 10s to >100 km in diameter
exhibiting 1-5 km of positive relief, and small mounds <10 km in
diameter exhibiting sub-kilometer relief. Here, we propose three
hypotheses for the origin of the ~150 small mounds identified thus
far, and discuss morphological observations that could support
each hypothesis as higher resolution data becomes available.
Hypothesis 1: Kilometer-scale mounds are produced by localized
eruption of cryomagma or hydrothermal material. Observational
tests: Kilometer and sub-kilometer scale albedo variations;
sub-kilometer flow features on individual mounds; localized vents;
conical or domical shape. Challenge: Features are smaller than
convective plumes expected from thermal evolution modeling.
Hypothesis 2: Kilometer-scale mounds are analogous to
terrestrial and martian pingos, which grow by drawing liquid water
through a silicate matrix as a freezing front propagates downward.
Observational tests: Mounds occurring on smooth material that
floods or embays large-scale features; little or no local albedo
variation; no small flows associated with individual mounds;
domical or ring-shape; concentric or radial fractures on dome, or
central depression. Challenge: Small Cerean mounds observed
thus far are an order of magnitude larger than terrestrial or martian
pingos.

Hypothesis 3: Kilometer-scale mounds are rootless cones
analogous to features observed on the surface of volcanic flows in
volatile-rich regions of Earth and Mars. Rootless cones are
produced when layers of fluid material inundate a region; localized
devolatilization of a layer mobilizes clasts to form cone-shaped
deposits. Observational tests: Mounds on smooth material that
floods or embays large-scale features; conical, not domical, profile;
large central depressions; cones in organized spatial patterns; no
small-scale flows. Challenge: Low gravity environment and/or
cryolava composition may be incompatible with this process.

In addition to morphological observations, VIR data will help
distinguish between these hypotheses.
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212.06 — Common Mountain-Building Processes on
Ceres and Pluto?

The Dawn Framing Camera has revealed a unique feature on the
surface of Ceres, popularly referred to as the “pyramid.” It is a
roughly conical and flat-topped feature with an elevation of ~5 km
and base diameter of ~20 km. The side slopes are roughly
consistent with an angle of repose one expects of particulate
material on Earth (which may change with gravity). The pyramid is
also notable for its striations down its side over half of its
circumference. These striations sharply terminate at the base of the
cone without a distinctive talus deposit, including an adjacent
crater. Recently released images of Norgay Montes and a second
mountain chain in Tombaugh Regio on Pluto by the New Horizons
mission reveal mountains with strikingly similar morphologies
with the Ceres pyramid. They are of similar size to within a factor of
a few. We investigate the hypothesis that there may be a common
mechanism giving rise to these features on the two dwarf planets.
Given their significantly different heliocentric distances, the
remarkable ongoing widespread processing of the surface of Pluto
and increasing evidence of relatively recent activity in some areas of
Ceres, interior processes such as plume activity or tectonics may be
responsible. A comparative study of uplift morphology on the two
dwarf planets may also lend insights into heat production and
retention on such bodies throughout the solar system.
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212.07 — The fate of Ceres' original crust

The bulk density of Ceres implies that water ice comprises a
substantial fraction of Ceres’ interior. However, water ice is not
stable at Ceres orbital distance and if exposed would have a loss
rate of 1 km Myr-1 or more. The near-hydrostatic shape of Ceres,
and relatively low melting point of ice suggests that the interior is at
least partly differentiated. Because Ceres’ surface remains exposed
to space, it radiates very effectively, and models predicting
differentiation retain an undifferentiated crust. This would be
denser than the ice shell beneath it resulting in an unstable
stratification. This has led to expectations that the crust would
founder and the surface of Ceres might be very smooth and
relaxed. But could the crust have remained to the present day?
Here, we model global-scale overturn on Ceres using both
analytical two-layer linear stability analyses, and numerical models
to predict the most unstable wavelength, and growth timescales for
Rayleigh-Taylor instabilities. We find that for a 10 km-thick crust
above a 75 km-thick ice layer, instabilities grow fastest at spherical
harmonic degree [=4. The growth timescale is a function of the
viscosity of the upper layer. This timescale is less than the age of
the solar system unless the effective viscosity of the crust is > 1024
Pa s. We conclude that the crust of Ceres could remain at the
surface if it either has some finite elastic strength over a ~800 km
length scale, or is an unconsolidated regolith with a large, (> 50%)
macro-porosity, such that the regolith is buoyant relative to water
ice.



Neither end-member for the crustal strength precludes convective
activity in the underlying ice layer. However we note that a thick,
porous regolith is a fantastic insulator and may promote heating of
the interior and potential foundering of the regolith if the top of the
ice becomes too warm. This possibility can be evaluated by models
of thermal evolution (e.g., Castillo-Rogez et al., 2010). An episode
of global overturn may have been preserved as spatially correlated
long-wavelength (I=3-5) variations in albedo, composition, and
topography, which could be measured by Dawn.
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212.08 — Post-Impact Cryovolcanism and the Bright
Spots on Ceres

The bright spots on Ceres recently found by NASA’s Dawn mission
have defied easy explanation. The spots are young, because the 9o
km diameter crater in which they are found generally lacks
superposed craters, but the composition is equivocal. The very high
albedo contrasting on Ceres’ dark surface suggests ice, but the
spots could be salt deposits. In either case, formation via water
volcanism is plausible, either as ice or a salty sublimate. These
observations pose the problem: How can there be recent
cryovolcanic processes on a relatively low mass and density body
that thus has a small complement of long lived radiogenic isotopes
(the only plausible heat source)? Here, we suggest the spots are a
consequence of the impact process. Ceres’ low bulk density
indicates abundant water ice, yet spectra indicate a non-volatile
surface. Various interior models predict full or partial
differentiation, which means that the near surface is structured as a
largely icy layer covered by a non-volatile layer of unknown
thickness. For a sufficiently thick layer (> 5-10 km), the formation
of a 90 km crater will not penetrate this layer; however, the flow
field associated with transient crater collapse may extend into the
underlying icy material to give final crater morphological
characteristics consistent with an icy surface. Deposition of impact
heat would primarily be in this non-volatile layer, which would
then diffuse away, including some downwards. We have performed
finite element simulations of this diffusion, finding that for a
non-volatile layer ~10 km thick, this downward diffusion can lead
to supra-melting temperatures in the underlying icy material from
0.1 to 10 Myr after the impact, leading to the deposits. This
phenomenon might explain why bright spots are not abundant: the
crater needs to be the right size relative to layer thickness, the
impact would likely need to occur at a high strike angle (for the
deepest deposition of impact heat), and any resultant deposits
could be ephemeral, consistent with the crater’s apparent very
young age. Additionally, no special conditions are needed for the
evolution of Ceres; instead, these bright spots result from the most
common geological process in the solar system: impact.
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212.09 — Dawn Mission’s Search for satellites at Ceres:
Upper limits on size of orbital objects

Hundreds of asteroids have small secondary satellites or are
double, or even multiple body systems; yet dwarf planet Ceres
doesn’t and isn’t. Ground-based and space-based telescopic
searches have placed upper limits on the size of any secondary
bodies gravitationally bound to Ceres of 1-2 km (Gehrels et al 1987,
Bieryla et al. 2011). The Dawn project’s satellite working group
designed and conducted a search during approach to Ceres and
during high orbit concentrating its search close to Ceres’ limb
where previous searches could not reach. Over 2000 images for
both science and optical navigation were searched. In addition, a
dedicated satellite search was conducted during two commanded
off-nadir pointings. The acquired images extend 5.5° x 5.5° on
either side of Ceres, at a range of ~ 145,000 km and solar phase
angle at Ceres of 18°. No moving objects associated with Ceres were
detected. The search extended down to Ceres’ limb (previous
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searches went to 500 km above the limb) and extended the upper
limit for the non-detection to 30 +/- 6 and 45 +/-9 meter radius for
effective exposure times of 114s and 19s respectively. An additional
small search was conducted using the spacecraft's star tracker from
which no objects were found. The Dawn mission’s search reduced
the previous detection limit from Hubble Space Telescope images
by two orders of magnitude. Why some asteroids have satellites
and others don’t is a matter for dynamical speculation.
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212.10 — Physical Properties of Ceres from the Dawn
Mission

The physical parameters of Ceres are determined from processing
the images and radio tracking data acquired during the Approach
and Survey phases of the Dawn mission. The images with spatial
resolution ranging from 8 km to 400 meters were processed using
a stereophotoclinometry method. The radiometric tracking data
were processed through precision orbit determination together
with landmarks derived from the stereophotoclinometry shape
reconstruction. Combining the mass and volume values gives the
bulk density of 2161 kg/m3, which implies a mixture of silicates
with lighter materials. Analyzing the second degree gravity field
shows that the rotation of Ceres is very nearly about a principal
axis, the degree 2 gravity field is consistent with hydrostatic
equilibrium, and the magnitude of J2, combined with the
hydrostatic assumption implies some degree of central
condensation.
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212.11 — Ceres Evolution: From Thermodynamic
Modeling and Telescope to Dawn Orbital
Observations

Thermodynamic modeling indicated that Ceres has experienced
planetary processes, including extensive melting of its ~25% water
and differentiation, (McCord and Sotin, JGR, 2005; Castillo and
McCord, Icarus, 2009). Early telescopic studies showed Ceres’
surface to be spectrally similar to car